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Preface 



The 1974 volume on angiotensin edited by Irvine H. Page and R Merlin Rumpus 
expanded the Handbook of Experimental Pharmacology series. In the preface, the 
editors of the first edition commented on their subject matters as follows: 

“...Initially, it seemed that the action of angiotensin was relatively simple but 
this proved grossly misleading... Even after two decades [since angiotensin was 
identified as the major effector peptide of the renin-angiotensin system (editors’ 
note)] the multiplicity of its actions appears not to have been fully discovered. To 
call attention to its many functions is one of the purposes of this book.” 

Thirty years later, this statement still holds true. Nevertheless, this new edition 
of the volume on angiotensin attempts to provide an updated account of the 
knowledge and findings accumulated since the complexity of angiotensin was so 
accurately recognized. 

Certainly, the editors of the first volume on angiotensin would have been grati- 
fied by the wealth of new data on their subject flooding the literature since 1974, 
adding to the complexity of actions of angiotensin peptides they had predicted. 
This, of course, does not make our present-day task of understanding the multiple 
facets of the renin-angiotensin system any easier. However, it justifies our current 
endeavor to take a new look at this venerable system that still offers so many hid- 
den miracles to be unveiled and described and, after all, has proved in the last 
30 years to be of utmost clinical importance. 

It is indeed the advent of the inhibitors of the renin-angiotensin system, nota- 
bly the angiotensin-converting enzyme inhibitors and the angiotensin ATi recep- 
tor antagonists, which has helped enormously in gaining deeper insights into the 
system, notwithstanding the fact that these compounds have become some of the 
most successful drugs ever developed, not only to control hypertension but also 
to protect target organs like the kidney, heart, blood vessels, and brain, and, most 
importantly, to reduce cardiovascular mortality. 

Naturally, the focus of any published work on medical science changes over the 
years and between editions. In 1974, much emphasis was laid on the biochemistry 
of the renin-angiotensin system, since the major discoveries had been made in 
this area. The interaction of renin and converting enzyme with their substrates, 
newly developed assays to analyze the various components of the system, and an- 
giotensin analogs and their structure-function relationships were in the center of 
interest. 
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In the years that followed, attention gradually shifted to other areas, such as 
the genetics of the renin-angiotensin system, angiotensin receptors, their regula- 
tion, signaling pathways and various functions, and the inhibitors of the renin- 
angiotensin system with their mechanisms of action and their clinical use. 

Moreover, whereas 30 years ago angiotensin II was still predominantly seen as 
a regulator of blood pressure and body volume, this peptide and its active frag- 
ments together with another major effector molecule of the system, the adrenal 
steroid aldosterone, are now considered to play an important role in a variety of 
(patho-) physiological functions that may be as diversified as vascular growth and 
atheroma formation, renal protein handling and glomerulosclerosis, cardiac left 
ventricular hypertrophy, fibrosis and postinfarction remodeling, or central osmo- 
regulation and neuroregeneration. And along with the immense progress in biolo- 
gical sciences that we have witnessed during the last decades, the renin-angioten- 
sin-aldosterone system has been connected to a number of biological phenomena 
such as cellular differentiation, neuroplasticity, and apoptosis. 

This shift in scientific interest and research activities is reflected in the present 
volume, although we strongly felt that the fundamental knowledge on the system 
accumulated and substantiated over the last 100 years should never be omitted 
but be present as an undercurrent to help our understanding and, even more im- 
portantly, to put our temporary knowledge of today into a historical perspective. 

The editors of the 1974 volume finished their preface stating, “...Books today 
are expensive and time-consuming to read...” 

Again, their statement holds true for the two volumes of this new edition. To- 
day, electronic media provide us with virtually any information including, of 
course, what has been written on angiotensin to date, and a host of review articles 
has been published on almost every aspect of the renin-angiotensin-aldosterone 
system. However, as with Page and Bumpus in their day, we are convinced that 
even in our time, there is still a place for books of this kind which invite the scho- 
lar to in-depth reading of what acknowledged experts have compiled as the essen- 
tials in their field. 

When we asked the authors if they were willing to contribute to this edition, 
we did so with a certain degree of apprehension for the above-mentioned reasons 
but were overwhelmed by their unanimous positive response to our request. We 
would like to thank all authors for their efforts to make this volume a solid source 
of comprehensive information. We would also like to express our gratitude to our 
secretaries, Miranda Schroder and Undine Schelle, as well as to Sibylle Melzer and 
Ellen Scheibe and also to Susanne Dathe, our partner at Springer- Verlag, for their 
continuous, invaluable support, which enabled us to achieve our task. 



Berlin and Frankfurt, January 2004 



Thomas Unger 
Bernward A. Scholkens 
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Abstract There is an increasing body of evidence that oxidative stress markedly 
contributes to endothelial dysfunction and to poor prognosis in patients with 
coronary artery disease and hypertension. Among many stimuli for oxidative 
stress in vascular tissue, the role of angiotensin II has been extensively studied. 
When given acutely, angiotensin II stimulates the release of nitric oxide and ac- 
tivates a nonphagocytic NAD(P)H oxidase, leading to formation of superoxide 
and of the nitric oxide/superoxide reaction product peroxynitrite. Peroxynitrite 
in turn may cause tyrosine nitration of prostacyclin synthase and/or oxidation 
of zinc-thiolate complexes of the nitric oxide synthase associated with inhibi- 
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tion or uncoupling of these enzymes. Further, angiotensin II causes endothelial 
dysfunction, hypertension, increases the endothelin expression, and inhibition 
of the cGMP-cGK-I signaling cascade, all of which are secondary to angiotensin 
Il-stimulated production of reactive oxygen species. 

Keywords Angiotensin II • NADPH oxidase • Endothelium • Peroxynitrite • 
Superoxide 

Abbreviations 

ACE 
ADMA 
AT-1 
BH4 
cGK 
cGMP 
DDAH 
H2O2 
LDL 

L-NAME 
L-NNA 
NADH 
NADPH 
NOS III 
nox 
O2'- 
ONOO" 

OH 

PDE lAl 
PKC 
PRMT 
P-VASP 
RAAS 
ROS 
sGC 
SOD 

1 

Introduction 

In the last decade, a great deal has been learned about the critical role of reac- 
tive oxygen species (ROS) in the pathophysiology of vascular disease. The effects 
of angiotensin II on ROS production and its functional consequences for endo- 
thelial function, hypertension, endothelin expression and activation of superox- 
ide (02 “) producing enzymes such as the NAD(P)H oxidase, have been studied 



Angiotensin converting enzyme 
Asymmetric dimethylarginine 
Angiotensin type 1 receptor 
Tetrahydrobiopterin 
cGMP-dependent protein kinase 
Cyclic guanosine monophosphate 
Dimethylarginine dimethyl- aminohydrolase 
Hydrogen peroxide 
Low-density lipoprotein 
N^-nitro-L-arginine methyl ester 
N^-nitro-L-arginine 

Reduced nicotinamide adenine dinucleotide 

Reduced nicotinamide adenine dinucleotide phosphate 

Nitric oxide synthase 

Nonphagocytic NAD(P)H oxidase 

Superoxide 

Peroxynitrite 

Hydroxyl radical 

Phosphodiesterase type lAl 

Protein kinase C 

Protein arginine methyltransferase 

Phosphorylated vasodilatory stimulated phosphoprotein 

Renin-angiotensin-aldosterone system 

Reactive oxygen species 

Soluble guanylyl cyclase 

Superoxide dismutase 
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extensively. In this review, mechanisms by which angiotensin Il-mediated ROS 
production affects vascular function will be discussed. 

2 

Endothelial Dysfunction, Oxidative Stress and Prognosis 

Traditionally, the role of the endothelium was thought to be primarily that of a 
selective barrier to the diffusion of macromolecules from the blood lumen into 
interstitial space. During the past 20 years, numerous additional roles for the 
endothelium have been defined such as regulation of vascular tone, modulation 
of inflammation, promotion as well as inhibition of vascular growth, and modu- 
lation of platelet aggregation and coagulation. Endothelial dysfunction is char- 
acteristic of patients with apparent coronary atherosclerosis or patients with 
cardiovascular risk factors such as hypercholesterolemia, hypertension, diabetes 
and chronic smoking. Recent studies indicate that assessment of endothelial 
function in both the coronary and peripheral circulation provide important 
prognostic information concerning future cardiovascular events (Al Suwaidi et 
al. 2001; Heitzer et al. 2001). Examination of patients with mild coronary artery 
disease and endothelial dysfunction, at the level of coronary conductance and 
vessel resistance, demonstrated a greater incidence of cardiovascular events 
compared to patients with better endothelial function (Schachinger et al. 2000). 
More recent studies indicate that endothelial dysfunction in patients with angio- 
graphically normal coronary arteries was predictive of subsequent cardiovascu- 
lar events (Halcox et al. 2002). Although the mechanisms underlying endothelial 
dysfunction may be multifactorial, there is a growing body of evidence that in- 
creased production of free radicals may considerably contribute to this phenom- 
enon. In patients with coronary artery disease, the extent of vitamin C-induced 
improvement of endothelial dysfunction was a strong and independent predic- 
tor of subsequent cardiovascular events (Heitzer et al. 2001). This indicates that 
high oxidative stress in vascular tissue not only contributes to endothelial dys- 
function, but also decisively determines the prognosis in patients with cardio- 
vascular risk factors. 

3 

Oxidative Stress 



3.1 

Reactive Oxygen Species 

ROS are molecules that are initially derived from oxygen but have undergone 
univalent reduction, so that they readily react with other biological products. 
ROSs include 02*“, hydrogen peroxide (H 2 O 2 ), hydroxyl radical (OH), nitric ox- 
ide (NO) and the NO/02’“ reaction product peroxynitrite. Of these, 02 ~, H 2 O 2 , 
NO and ONOO“ are formed in response to angiotensin II treatment and modify 
the activity of signaling proteins and enzymes. In contrast to 02 “, NO, OH, 




6 N. Tsilimingas et al. 



H 2 O 2 , ONOO" and hypochlorous acid are not free radicals per se, but have oxi- 
dizing effects that markedly contribute to oxidative stress. Superoxide is dis- 
muted by superoxide dismutase (SOD) to the more stable radical H 2 O 2 . Catalase 
and glutathionperoxidase are important scavengers of H 2 O 2 , leading to the for- 
mation of water. The rapid bimolecular reaction between NO and 02 “ to yield 
ONOO“ is more than three times faster than the enzymatic dismutation of O 2 " 
catalyzed by SOD. Thus, ONOO' formation represents a major potential path- 
way for NO reactivity, which depends on rates of tissue 02 “ production. ONOO' 
has a cytotoxic potential about 1,000 times higher than that of H 2 O 2 , and has a 
low stimulatory capacity of the target enzyme guanylyl cyclase. ONOO' will also 
protonate to peroxynitrous acid (ONOOH), to yield an oxidant with the reactiv- 
ity of OH, via metal independent mechanisms. Peroxynitrite in pure form will 
cause oxidative damage to protein, lipid, carbohydrate, DNA, subcellular or- 
ganelles, and cell systems. Peroxynitrite may also cause tyrosine nitration of 
prostacyclin synthase (Zou et al. 1999) and oxidation of the zinc-thiolate com- 
plex of NOS (Zou et al. 2002) leading to uncoupling or inhibition of targeted en- 
zymes. 



3.2 

Angiotensin and ROS Production 



3.2.1 

Endothelium 

Incubation of cultured rat aortic endothelial cells with angiotensin II stimulates 
release of NO (Pueyo et al. 1998). These actions are mediated by the ATi recep- 
tor as confirmed by their inhibition with the ATi receptor antagonist losartan. 
For example, angiotensin Il-stimulated cGMP production by reporter cells was 
prevented by a specific calmodulin antagonist, suggesting that angiotensin II 
stimulated endothelial calmodulin-dependent NOS (Pueyo et al. 1998). In por- 
cine pulmonary endothelial cells, there is evidence that angiotensin IV rather 
than angiotensin II contributes to NO release, since an angiotensin IV antago- 
nist blocked both angiotensin II- and angiotensin IV-induced NO production 
(Hill-Kapturczak et al. 1999). Angiotensin II also stimulates the production of 
02 “, which is mediated by the ATi receptor (Sohn et al. 2000). There is also evi- 
dence that stimulation of the AT 2 subtype functionally antagonizes ATi recep- 
tor-induced 02 “production, involving a tyrosine phosphatase pathway (Sohn et 
al. 2000). The simultaneous release of NO and 02 ~, in response to angiotensin II 
stimulation, has been recently demonstrated in vitro (Pueyo et al. 1998) as well 
as in humans (Dijkhorst-Oei et al. 1999). In cultured endothelial cells, angioten- 
sin II stimulated the formation of ONOO“, as indicated by the increase in lumi- 
nol-dependent chemiluminescence and by the inhibitory effects of SOD and 
NOS III inhibitors on chemiluminescence signals (Pueyo et al. 1998). By using 
venous occlusion plethysmography, Tonk Rabelinks’ group showed that in a 
NO-free system (achieved by N^-monomethyl-L-arginine treatment), angioten- 
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sin Il-induced vasoconstriction was significantly enhanced in the forearm circu- 
lation of healthy volunteers. Likewise, angiotensin Il-induced vasoconstriction 
was greatly diminished in response to concomitant treatment with vitamin C, 
suggesting that angiotensin II simultaneously stimulates NO and 02 “ produc- 
tion in humans (Dijkhorst-Oei et al. 1999). 



3.2.2 

Vascular Smooth Muscle 

Incubation of cultured smooth muscle cells with angiotensin II leads to a 
marked increase in the production of 02 ”. The likely 02 ~ source was identified 
as a NADH/NADPH driven oxidase (Griendling et al. 1994). This assumption 
was based on inhibitor experiments where diphenylene iodonium (inhibitor of 
flavin-containing oxidases, DPI) and quinacrine inhibited NADH and NADPH- 
stimulated 02 “ production (Griendling et al. 1994). Further studies demonstra- 
ted that O2 " production induced by angiotensin II was inhibited by N-acetylcys- 
teine and by the free radical scavenger tiron (Laursen et al. 1997). Angiotensin 
Il-induced formation of the 02 “dismutation product H2O2 can be detected 
within minutes (Ushio-Fukai et al. 1996). Both antisense against the p22P^®^ 
NADPH oxidase subunit and overexpression of catalase prevent angiotensin 
Il-stimulated formation of H2O2 (Ushio-Fukai et al. 1996). Intracellular signaling 
mechanisms by which angiotensin II stimulates ROS formation is still under de- 
bate, and may involve arachidonic acid made by phospholipase A2, or indirectly 
via phospholipase D-mediated degradation of phosphatidylcholine to phospha- 
tidic acid (Griendling et al. 1994). 

Most of the experiments to detect O2 ” production in homogenates use the 
chemiluminescence substance lucigenin. Lucigenin has been demonstrated to 
undergo redox cycling when used in high concentrations (250 pM), and in par- 
ticular when NADH (Janiszewski et al. 2002) is used as a substrate. These limi- 
tations do not occur when low concentrations of lucigenin (5 pM) (Li et al. 
1998) and NADPH as substrate are used (Griendling et al. 2000). Recent studies 
using electron paramagnetic resonance to detect O2 " produced by cultured 
smooth muscle cells, in response to angiotensin II stimulation, revealed that 
NADPH is the major substrate for oxidase (Sorescu et al. 2001). In cultured en- 
dothelial cells, both NADPH and NADH were equally effective in stimulating su- 
peroxide production (Somers et al. 2000). Thus, the question whether NADH 
and/or NADPH are the preferred substrate for this enzyme is still under debate. 
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4 

Effects of Angiotensin II 



4.1 

Activation of Oxidases 



4.1.1 

Effects of Angiotensin II on the Activity and Expression 
of the Nonphagocytic NAD(P)H Oxidase 

Although vascular NAD(P)H oxidase is quite similar to the phagocytic multi- 
component NAD(P)H oxidase, there are several distinct features that allow dif- 
ferentiation between both oxidases (Griendling et al. 2000). Activation occurs 
within seconds with the phagocytic oxidase, and within minutes or hours with 
the nonphagocytic oxidase (see also Table 1). The 02'“-producing capacity of 
the phagocytic oxidase is in the micromolar range, and 02 *“ is being released in 
a burst-like fashion. In contrast, a steady release of low amounts of 02 ~, in the 
nanomolar range, is produced by vascular NADPH oxidase. Endothelial and ad- 
ventitial cells, as well as inflammatory cells such as neutrophils and macro- 
phages, express NAD(P)H oxidase consisting of the flavocytochrome bsss sub- 
units gp9lP^®^ and p22P^®^ the cytosolic factors p47P^°^ and p67P^°^ and the 
small GTPase racl (Griendling et al. 2000). In contrast to endothelial, adventitial 
and inflammatory cells, smooth muscle cells lack gp9lP^°^; however, recent stud- 
ies identified the existence of two gp9lP^°^ homologs, namely noxl and nox4 
(Lambeth et al. 2000; Suh et al. 1999). Because gp9lP^°^ and nox harbor electron 
transfer moieties of the enzyme and thus serve as the catalytic component, reg- 
ulation of these subunits is of utmost importance to the ultimate functioning of 
the enzyme. 

In vitro, incubation of endothelial and smooth muscle cells with angiotensin 
II resulted in increases in activity and expression of NADPH oxidase subunits 



Table 1 Characteristics of phagocytic and vascular NAD(P)H oxidases 





Phagocytic oxidase 


Vascular oxidase 


Substrate 


NADPH (30 


NADPH (50 //M) 
NADK (10 


Kinetics of activation 


Seconds 


Minutes to hours 


Capacity 


130 nmol 02“/nriin*mg 
cell protein 


40 nmo! Oj '/min^mg cell protein 


Fate of released O 2 ” 


Extracellular 


Intracellular and/or extracellular 


Cellular location 


Phagosomes 


Plasma membrane/microsomes 


Subunit structure 


gp9T*”“ 


Endothelial cells and fibroblasts: 




p22Pht« 


gp91^, p4?P*™* 




p47Pta 


p67<^\rac-l/ rac-2 




p67Pt»« 


Vascular smooth muscle cells: 




rac*l/rac‘2 


noxL noxA p22P^. rac-V rac-2 
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such as gp9lP^^^ p22P^^^ p47P^®^ p67P^°^ noxl and nox4 (Touyz et al. 2002; 
Wingler et al. 2001). Antisense directed against p22P^°^ and nox-1 resulted in an 
inhibition of angiotensin ll-induced ROS formation (Lassegue et al. 2001), while 
antisense against nox4 resulted in a decrease in basal 02 ~ production (Szocs et 
al. 2002). In vivo treatment with angiotensin 11 increased expressions of p22P^°^ 
(three- to fourfold), gp9lP^°^ (threefold), p47 and p67P^®^ in endothelial and 
smooth muscle cells, and the adventitia, respectively (Cifuentes et al. 2000; Di 
Wang et al. 1999; Mollnau et al. 2002; Pagano et al. 1998; Pagano et al. 1997). 
Likewise, in experimental hypercholesterolemia, increased activity of the 
NAD(P)H oxidase was linked with increased ATi receptor expression, and the 
activity of the enzyme was reduced by in vivo ATi receptor blockade (Warnholtz 
et al. 1999). Evidence for a role of the RAAS in the regulation of gp9lP^®^ iso- 
form expression in smooth muscle cells was provided by Mollnau et al. (2002) 
and Wingler et al. (2001), who demonstrated increased expression of noxl and 
nox4 in aortas from hypertensive, angiotensin ll-infused animals and in trans- 
genic rats, overexpressing the Ren2 gene. 

Further insight into the role of NAD(P)H oxidase in vascular disease was pro- 
vided by knockout experiments. Infusion of angiotensin II into wild-type mice 
increased 02 ~ production, blood pressure, media viscosity, gp9lP^®^ expression 
and nitrotyrosine content (footprint for ONOO“-induced vascular damage) in 
vascular tissue, all of which were significantly reduced in gp9lP^°^ knockout an- 
imals (Wang et al. 2001). Infusion of angiotensin II caused significantly greater 
increases in vascular 02 “ production in aortas from wild-type mice as com- 
pared to aortas from p47P^°^ knockout animals (Brandes et al. 2002). Likewise, 
infusion of angiotensin II at subpressor doses caused myocardial hypertrophy 
in wild-type, but not in gp9lP^°^ knockout mice, suggesting an involvement of 
myocardial NAD(P)H oxidase in mediating myocardial hypertrophy indepen- 
dent of changes in blood pressure (Bendall et al. 2002). These data clearly indi- 
cate a crucial role for the NAD(P)H oxidase in mediating angiotensin Il-induced 
increases in oxidative stress, in vascular and myocardial tissue. 



4.1.2 

Angiotensin II and the Nitric Oxide Synthase 

As mentioned above, angiotensin II stimulates the simultaneous release of NO 
and 02 “leading to ONOO“ formation (Pueyo et al. 1998). Long-term incubation 
of pulmonary endothelial cells with angiotensin II markedly increased NOS III 
expression at the mRNA and protein levels, with a maximum after 8 h (-1-300%) 
(Olson et al. 1997). These effects were mediated by the AT-1 subtype, since pre- 
treatment with losartan abolished the effects on NOS III expression. Despite the 
marked increases in NOS III expression, angiotensin II treatment usually led to 
significant endothelial dysfunction (Mollnau et al. 2002). The discrepancy be- 
tween the increases in NOS III expression and vascular 02 “ production may in- 
dicate that NOS III is itself a significant 02 ~ source, under these conditions. Re- 
cent results from in vivo studies in angiotensin Il-treated, hypertensive animals 
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confirm this concept. At both the RNA and protein levels, NOS III enzyme was 
up-regulated more than twofold in the myocardium (Tambascia et al. 2001) and 
vessels (Mollnau et al. 2002; Sullivan et al. 2002) of angiotensin Il-treated ani- 
mals as compared to controls. Nevertheless, there was considerable endothelial 
dysfunction as well as a marked decrease in vascular NO bioavailability in an- 
giotensin Il-treated animals, indicating that vascular 02 ~from hypertensive ani- 
mals may either overwhelm nitric oxide production of up-regulated NOS III, or 
that the up-regulated NOS III itself is uncoupled, thereby contributing to 02 ~ 
production. 

Conditions leading to NOS III uncoupling, such as BH4 deficiency (NOS III 
cofactor) (Xia et al. 1998) and intracellular L-arginine (NOS III substrate) 
(Gorren et al. 1998) depletion, have been characterized. In BH4 deficiency, elec- 
trons flowing from the NOS III reductase domain to the oxygenase domain are 
diverted to molecular oxygen, rather than to L-arginine, resulting in production 
of 02 “ rather than NO. What conditions are responsible for NOS III uncoupling 
in vessels from angiotensin Il-infused animals? In vitro angiotensin II treatment 
increased the vascular formation of the NO/O2 " reaction product, ONOO" 
(Pueyo et al. 1998). Peroxynitrite in turn has been shown to rapidly oxidize the 
active NOS III cofactor BH4 to inactive molecules, e.g., BH2 switching NOS III 
from a NO to an 02 "-producing enzyme (Laursen et al. 2001). An alternative 
explanation whereby ONOO“ may cause NOS III uncoupling was recently re- 
ported by Zou et al (2002). Using cultured endothelial cells, ONOO" was shown 
to directly cause oxidation of the zinc-thiolate complex within the enzyme, all 
of which may favor NOS III monomer over dimer formation, leading to NOS III 
uncoupling. Likewise, Jennifer Pollock’s group demonstrated increased NOS III 
expression in vessels from angiotensin Il-infused animals (Sullivan et al. 2002). 
Interestingly, a considerable portion of the increased NOS III protein was locat- 
ed in the cytosolic fraction. Since NOS III in its activated state is a membrane- 
associated enzyme (targeted to caveolae and golgi membranes via N-myristoyla- 
tion and palmitoylation processes), redistribution toward the cytosol and there- 
fore the altered subcellular location of NOS III may also contribute to endotheli- 
al dysfunction and NOS III uncoupling in this particular animal model. 

As pointed out above, another mechanism leading to NOS III uncoupling is 
depletion of intracellular L-arginine. Recent in vitro and in vivo studies demon- 
strate that in almost all situations where oxidative stress is encountered in vas- 
cular tissue, intracellular and plasma concentrations of asymmetric dimethy- 
larginines (ADMA) are increased (Boger et al. 2000a; Boger et al. 1998). This 
phenomenon may be explained either by an increase in the activity of methylat- 
ing enzymes such as S-adenosylmethionine-dependent methyltransferases 
(PRMT Type I) (Boger et al. 2000b), or a decrease in the activity of ADMA 
demethylating enzymes such as dimethylarginine dimethylaminohydrolase 
(DDAH); all of which result in increased intracellular production of ADMA. In 
concentrations reached by stimulation of methyltransferases or inhibition of 
DDAH, ADMA has been shown to significantly inhibit NOS III activity. Interest- 
ingly, the activity of both enzymes regulating intracellular ADMA concentra- 
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tions has been reported to be redox- sensitive. Oxidative stress increases the ac- 
tivity of methylating enzyme such as PRMT I (Boger et al. 2000b), while de- 
creasing the activity of demethylating DDAH (Ito et al. 1999). These observa- 
tions may explain why in angiotensin II hypertension, L-arginine is able to im- 
prove endothelial dysfunction in experimental animals (Pucci et al. 1995), even 
when intracellular L-arginine levels are not decreased (the so-called L-arginine 
paradox). Recent studies with patients diagnosed with essential hypertension re- 
vealed increased plasma levels of ADM A (Surdacki et al. 1999). Interestingly, 
treatment with ACE-inhibitors, ATi receptor blockers, but not beta-blockers, re- 
duced plasma ADMA levels. However, all drugs were able to normalize blood 
pressure, pointing to a role for the RAAS in mediating increased plasma ADMA 
levels in hypertensive patients (Ito et al. 2001). 

How can we assess NOS III uncoupling in vascular tissue? Pritchard et al. pre- 
viously demonstrated that NOS III inhibition in endothelial cells cultured with 
L-NNA increased steady state O2 " levels (Vasquez-Vivar et al. 1998). These find- 
ings indicate that a large portion of baseline 02 “ production is scavenged due to 
its interaction with NO. After incubation of endothelial cells with native LDL, 
02 “ levels increased markedly, a phenomenon which largely was blocked by 
L-NAME(Pritchard et al. 1995). Reduction of steady state 02 “ levels by means 
of NOS III inhibition identified NOS III as an important O2'" source. The as- 
sumption that NOS III is uncoupled in angiotensin II hypertension was 
strengthened recently by experiments with the NOS inhibitor L-NNA. Vascular 
02 “ production was assessed using lucigenin- and coelenterazine-derived che- 
miluminescence. In control vessels with an intact endothelium, NOS -inhibition 
with L-NNA increased vascular O2 ", indicating that basal production of endo- 
thelium-derived nitric oxide quenches the baseline chemiluminescence signal. 
In contrast, incubation of aortas, from angiotensin Il-treated animals, with 
L-NNA markedly reduced the chemiluminescence signal, thus indicating that 
NOS III is an important 02 ~ source (Mollnau et al. 2002). It seems that in most 
situations where high oxidative stress is encountered, NOS III is in an uncou- 
pled state as observed in the experimental animal (Hink et al. 2001; Laursen et 
al. 2001; Oelze et al. 2000) and in patients with hypercholesterolemia (Stroes et 
al. 1997) and diabetes (Heitzer et al. 2000b) and in chronic smokers (Heitzer et 
al. 2000a). 



4.1.3 

Angiotensin II and the Xanthine Oxidase 

Xanthine oxidase is an oxidoreductase that catalyzes the oxidation of hypoxan- 
thine and xanthine in purine metabolism. This enzyme exists in two intercon- 
vertible forms, either as xanthine dehydrogenase or xanthine oxidase. Recent 
studies with double-transgenic rats (dTGR) harboring human renin and angio- 
tensinogen genes provide evidence for angiotensin II involvement in the regula- 
tion of xanthine oxidase-mediated 02 “ production (Mervaala et al. 2001). 
Incubation of vascular tissue with SOD and the xanthine oxidase inhibitor 
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oxypurinol, improved endothelial dysfunction. Increased production of 8-iso- 
prostaglandin F2a, decreased NO production, increased xanthine oxidase activi- 
ty in the kidney, and endothelial dysfunction were corrected by in vivo treat- 
ment with the angiotensin II (type I) receptor blocker valsartan, pointing to a 
role for angiotensin II xanthine oxidase activation in this particular animal 
model. 



4.2 

Effects of Angiotensin ll-lnduced Hypertension on cGMP, 
sGC and cGK-l Signaling 

Vessels from animals with angiotensin Il-evoked hypertension show not only re- 
duced vasodilation to endothelium-dependent vasodilators, but also to endothe- 
lium-independent vasodilators such as SNP and NTG (Rajagopalan et al. 1996). 
Reduced nitrovasodilator responses, in vessels from angiotensin-infused hyper- 
tensive animals, may be explained by the reduced expression of both sGC sub- 
units (Mollnau et al. 2002). This observation complements reports from other 
animal models of hypertension, where the expression of one or both sGC sub- 
units (ai and y^i) and/or NO-dependent sGC activity were significantly de- 
creased (Jacke et al. 2000; Kloss et al. 2000; Lopez-Farre et al. 2002; Ruetten et 
al. 1999). In all these animal models, endothelial dysfunction was associated 
with enhanced vascular ROS formation. Normalization of blood pressure by hy- 
dralazine-treatment (Bauersachs et al. 1998), vitamin C treatment (Marques et 
al. 2001), in vivo PKC-inhibition, Ca^'^-antagonist or chronic ACE-inhibitor 
treatment (Jacke et al. 2000), normalized or even enhanced sGC expression. The 
question remains whether the high blood pressure or the observed increases in 
ROS production within smooth muscle cells represents the crucial stimulus for 
a decrease in sGC expression. Georg Kojda's group recently showed that incuba- 
tion of vascular tissue with the sGC inhibitor LY83583, a redox-cycler that gen- 
erates intracellular O 2 ", mimicked the changes observed in vessels from choles- 
terol-fed animals: that is, sGCy^i subunit expression was up-regulated. However, 
in contrast to hypercholesterolemic animals, NO-dependent activity of sGC, in 
aortic cytosol, was abolished (Laber et al. 2002). Thus, it appears that the ob- 
served decrease in sGC expression, in vessels from angiotensin Il-treated ani- 
mals, was mainly elicited by high blood pressure and not linked to increased 
O 2 "" formation. Infusion of angiotensin II did not modify cGK I expression. 
However, cGK I activity, as assessed by phosphorylation of the cGK-I substrate, 
the vasodilatory stimulated phosphoprotein (P-VASP), was markedly reduced, 
suggesting a signaling defect upstream of cGK I (Mollnau et al. 2002). This was 
supported by the fact that in vivo treatment with chelerythrine reduced oxida- 
tive stress and improved both endothelial dysfunction and P-VASP (M. Oelze, 
unpublished observation). Angiotensin II increased the activity and expression 
of the PDEIAI isoform in cultured smooth muscle cells, providing evidence that 
increased cGMP metabolism may partly contribute to endothelial dysfunction 
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and decreased cGK I activity, as observed in angiotensin Il-induced hyperten- 
sion (Kim et al. 2001). 



4.3 

Key Role for Protein Kinase C in Angiotensin II Induced 02 ~ Production 

Recent in vitro studies revealed that angiotensin II down-regulates nox4, while 
markedly up-regulating the noxl isoform (Lassegue et al. 2001). Up -regulation 
of noxl was also observed in response to the phorbol ester, phorbol myristate 
acetate (a direct activator of PKC). Angiotensin Il-induced up-regulation of 
noxl was inhibited by specific inhibitors of PKC, suggesting a crucial role for 
PKC in the up-regulation of the noxl message (Corlach et al. 2000). Antisense 
noxl mRNA completely inhibited angiotensin Il-induced 02 “ production, 
supporting a role for noxl in redox signaling in vascular smooth muscle cells 
(Lassegue et al. 2001). The results obtained from our recent in vivo experiments 
support this concept. Using a nonradioactive PKC assay, we found a twofold in- 
crease in whole vessel homogenates from angiotensin Il-treated animals, as 
compared with controls. While nox4 expression was only slightly modified by 
angiotensin II treatment, dramatic increases in the expressions of noxl (-seven- 
fold), gp9lP^°^ (threefold) and p22P^®^ (threefold) were observed. In vitro and 
in vivo treatment with the PKC inhibitor chelerythrine markedly reduced an- 
giotensin Il-stimulated 02 " production and prevented up-regulation of noxl 
(Mollnau et al. 2002). An interesting aspect of this particular study was that the 
in vivo PKC inhibition also prevented the up-regulation of p22^^®^, suggesting 
that PKC may function as a general regulator of oxidase function by regulating 
both activity and expression. Interestingly, recent in vitro studies indicate that 
02 ~ is a strong stimulus for PKC activation (Nishikawa et al. 2000). Thus, PKC 
increases oxidative stress in angiotensin Il-treated vascular tissue by stimulating 
NADPH-oxidase mediated 02 ~ production, and by its activation in response to 
oxidative stress in a positive feedback fashion. 



4.4 

Angiotensin II, Oxidative Stress, Endothelin Expression 
and Enhanced Sensitivity to Vasoconstrictors 

Vasoconstriction and hypertension result from angiotensin II action on the ATi 
receptor and its subsequent activation of second messenger pathways, including 
PKC. Incubation of endothelial (Chua et al. 1993) and smooth muscle cells 
(Sung et al. 1994) with angiotensin II stimulates preproendothelin expression 
via activation of the ATi receptor and then PKC. Infusion of angiotensin II for 
5 days leads to a marked increase in sensitivity to vasoconstrictors such as 
phenylephrine, KCl and serotonin, while the sensitivity to endothelin- 1 is signif- 
icantly reduced (Rajagopalan et al. 1997). In vivo treatment with an ETa receptor 
antagonist normalized hypercontractile responses and prevented desensitization 
of the vasculature to endothelin- 1. Endothelin expression, as assessed by immu- 
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nostaining, was increased throughout the vascular wall (Rajagopalan et al. 
1997). Superoxide is a strong stimulus for preproendothelin expression in endo- 
thelial (Kahler et al. 2000) but also smooth muscle cells (Kahler et al. 2001). 
Endothelin itself also stimulates vascular 02*“ production (Wedgwood et al. 
2001). Increased production of endothelin within smooth muscle and/or endo- 
thelial cells may prime PKC, which in turn may mediate hypersensitivity to a 
variety of vasoconstrictors and activate the NADPH oxidase. Recent studies also 
indicate that vasoconstriction induced by angiotensin II, but not by endothelin- 
1, phenylephrine or potassium chloride, is mediated via stimulation of vascular 
02 “ production. TEMPOL, a potent SOD mimetic, markedly attenuated the 
maximal constriction in response to angiotensin II, in spontaneously hyperten- 
sive rats (Shastri et al. 2002). 



4.5 

Role of O2 ~ in Angiotensin IMnduced Hypertension 

Angiotensin II stimulates vasoconstriction via ATi receptor and ROS produc- 
tion, which shorten the half-life of NO. To assess the contribution of 02 “ in 
angiotensin Il-induced hypertension, animals were treated with angiotensin 
II and the blood pressure lowering effects of liposome encapsulated SOD was 
tested (Laursen et al. 1997). As a reference constrictor, norepinephrine was 
used. Despite similar degrees of hypertension, angiotensin II, but not nor- 
epinephrine, caused a marked increase in vascular 02 “ production. SOD treat- 
ment reduced blood pressure in angiotensin II- but not in norepinephrine-treat- 
ed rats (Laursen et al. 1997). Likewise, SOD enhanced in vivo hypotensive re- 
sponses to acetylcholine and in vitro responses to endothelium-dependent va- 
sodilators, indicating that angiotensin Il-induced hypertension is likely the re- 
sult of increased NO degradation, secondary to the stimulatory effects of vascu- 
lar 02 “ production. To analyze the contribution of vascular NAD(P)H oxidase 
in angiotensin Il-induced hypertension, Fukui et al. studied the time course of 
angiotensin Il-induced hypertension and the expression of the NADPH oxidase 
subunit p22P^®^. Blood pressure began to rise within 3 days of angiotensin II 
treatment, and remained elevated for up to 14 days (Fukui et al. 1997). Expres- 
sion of p22P^®^ was significantly increased on day 3 and peaked on day 5, after 
pump implantation. SOD treatment lowered blood pressure and inhibited ex- 
pression of p22P^°^ indicating that oxidative stress may be crucial for enzyme 
expression. Further evidence for the role of 02 “ in the pressor response of an- 
giotensin II was provided by Wang et al. (2002). The authors demonstrate that 
angiotensin Il-induced simultaneously increased blood pressure and blunted 
vascular 02 “ production in vessels from mice overexpressing human SOD. 
(Wang et al. 2002). 

Similar findings were obtained from animals with renovascular hypertension. 
In vessels from hypertensive animals, marked endothelial dysfunction was asso- 
ciated with increased NAD(P)H oxidase-mediated superoxide production. In 
vitro treatment with SOD and the PKC-inhibitor calphostin C, reduced superox- 
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ide production and improved endothelial function, suggesting an involvement 
of PKC in activating the oxidase in this particular renin-dependent hypertension 
(Heitzer et al. 1999). 

5 

Conclusions 

Based on the above findings, we propose that ROS play a pivotal role in mediat- 
ing endothelial dysfunction under angiotensin II treatment: Angiotensin II acti- 
vates NAD(P)H oxidases in endothelial and smooth muscle cells and within the 
adventitia, partly via PKC activation. NAD(P)H oxidase-derived 02 ~ may com- 




Fig.l Scheme depicting mechanisms underlying angiotensin II (Ang //)-induced endothelial dysfunc- 
tion and hypertension. Stimulation of the ATi receptor subtype activates NAD(P)H oxidase in a protein 
kinase C (P^O-dependent fashion. NAD(P)H oxidase activation increases superoxide (O2") production 
within endothelial and smooth muscle cells and within the adventitia, while stimulation of the AT2 sub- 
type leads to an Inhibition of 02 ~ formation. Superoxide may react with nitric oxide {NO) to produce 
the reactive intermediate peroxynitrite { 0 N 00 -). ONOO- may cause NOS III uncoupling, inhibition of 
the activity of the soluble guanylyl cyclase {sGQ and of the cGMP-dependent protein kinase-l. Superox- 
ide dismutase (SOD) dismutes 02“ to hydrogen peroxide (H2O2), which has been shown to be a potent 
stimulus for cell proliferation, apoptosis, cell migration and cell survival. Superoxide increases the ex- 
pression of preproendothelin within endothelial cells and smooth muscle cells, leading to enhanced en- 
dothelin-mediated vasoconstriction, but also leading to hypersensitivity of the vasculature to vasocon- 
stricting agonists such as norepinephrine and serotonin. All these events may contribute at least in part 
to endothelial dysfunction and hypertension in response to angiotensin II treatment 
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bine with NO to form the highly reactive intermediate ONOO“. Peroxynitrite 
oxidizes the NOS III cofactor BH4 to BH2, or may cause oxidation of the zinc- 
thiolate complex of NOS III. Superoxide may also stimulate and/or inhibit L-ar- 
ginine methylating or ADMA demethylating enzymes, leading to increased in- 
tracellular concentrations of ADMA. Intracellular BH 4 depletion, oxidation of 
the zinc-thiolate complex of NOS III, and/or increased ADMA concentrations 
will lead to NOS III uncoupling, which may further increase oxidative stress 
within vascular tissue. Superoxide also stimulates preproendothelin expression 
in endothelial and smooth muscle cells, leading to enhanced endothelin-mediat- 
ed constriction and to a hypersensitivity of the vasculature to vasoconstricting 
agonists such as norepinephrine and serotonin. It is conceivable that all these 
mechanisms contribute to endothelial dysfunction and hypertension, in re- 
sponse to angiotensin II treatment (see Fig. 1 ). 
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Abstract Atherosclerosis is a chronic inflammatory disease perpetuated by a va- 
riety of pro-inflammatory mediators. Fatal endpoints of this inflammatory dis- 
ease are myocardial infarction, stroke or sudden death, which together remain 
the major cause of morbidity and mortality in industrialized countries. Accu- 
mulated evidence obtained from pathological observations, state-of-the-art im- 
aging and large-scale clinical trials showed that these fatal events are mainly 
endpoints of pathological vascular remodeling processes, suggesting a close in- 
teraction between inflammation and vascular remodeling. In this regard, the re- 
nin-angiotensin system (RAS) was — at least partially — accused of contributing 
to the development and/or progression of atherosclerosis. The Heart Outcome 
and Prevention Evaluation (HOPE) study convincingly demonstrated that clini- 
cal blockade of the RAS may reduce fatal endpoints of severe atherosclerosis, 
which is characterized by the pathological triad of inflammation, RAS and re- 
modeling: this suggests a role for the RAS in plaque development and stability. 
Since experimental and clinical evidence point to inflammatory mediators such 
as interferon-y, interleukin- 1^, interleukin- 18 and -10, and interleukin-6 (1) as 
promotors/predictors of cardiovascular events, we will discuss the clinical basis 
and the potential molecular and cellular interactions between the RAS and cy- 
tokines, and their potential impact on remodeling processes at the atheroscle- 
rotic plaques. In particular, we will focus on the interaction of angiotensin II 
(ANG II) and cytokines such as interleukin 6 (IL-6), and their potential impact 
on plaque development and stability. 
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Abbreviations 

ANG II Angiotensin II 

MMP Matrixmetalloproteinases 

PAI-1 Plasminogen activator inhibitor 1 

C-RP C reactive protein 

RAS Renin- angiotensin system 

ACE Angiotensin-converting enzyme 

1 

Introduction: Role of Inflammation in Atherosclerosis 

Inflammation is a hallmark of atherosclerosis (Ross 1993, 1999), and atheroscle- 
rotic plaques are chronic inflammatory lesions composed of dysfunctional en- 
dothelium, smooth muscle cells, lipid-laden macrophages, and T lymphocytes 
(van der Wall et al. 1994). These lipid-laden activated macrophages and T-lym- 
phocytes stimulate adjacent cells to erode the collagen and elastin framework 
that forms the plaque’s cap (Libby 1995; Davies and Thomas 1985). Mediators 
of inflammation like interferons, interleukin 1)5, interleukin 6 (IL-6) and tumor 
necrosis factor, are thought to be involved in the development of unstable pla- 
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Fig.1 Schematic showing how cytokines such as IL-6 may contribute to plaque destabilization by en- 
hancing metalloprotease (MMP) activity and suppressing their TIMP inhibitors (tissue inhibitors of met- 
alloprotease). This latter Is mediated by maturation of T and B cells and also involves the expression 
and presentation of chemokines such as MCP-1 and its CCR2 receptor 
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ques (Fig. 1). Myocardial infarction is one fatal endpoint of progressive athero- 
sclerosis, and is thought to be a result of pathological remodeling processes 
(Ross 1999). 

2 

Renin-Angiotensin-System and Plaque Stability 

Blockade of the RAS has been extensively investigated in the treatment of hyper- 
tension and heart failure. Recently, it was suggested that blockade of the RAS 
may also be beneficial in preventing or reducing atherosclerosis and its seque- 
lae, and that drugs that interfere with this system may also be useful in patients 
without hypertension or heart failure. 

The impact of an activated renin-angiotensin system (RAS) on the develop- 
ment of acute myocardial infarction, as a clinical endpoint of plaque instability, 
was first demonstrated in epidemiological studies in the early 1990s. Alderman 
and colleagues demonstrated that an elevated renin-sodium profile (a surrogate 
marker of RAS activation) is associated with a fivefold higher risk of myocardial 
infarctions as compared to those with lower profiles (Aldermann et al. 1991). In 
addition, genetic data indicated that the deletion (D/D) polymorphism in the 
angiotensin-converting enzyme (ACE) gene is associated with higher tissue and 
plasma levels of ACE, whereas the insertion polymorphism ACE-I/I genotype is 
associated with lower ACE levels, and the ACE-I/D level with intermediate levels 
(Cambien et al. 1992). Cambien and colleagues reported an increased prevalence 
of ACE-DD genotype in a population of subjects with prior myocardial infarc- 
tions, as compared to those without previous infarctions; neither group had oth- 
er significant CV risk factors (Cambien et al. 1994). 

Although the results of these studies remain controversial, some observations 
indicate that genetically defined polymorphisms of RAS components may be as- 
sociated with increased risk of myocardial infarction (Danser et al. 1995). 

The results of these epidemiological observations stimulated a variety of in 
vitro studies and clinical studies investigating the potential mechanisms by 
which ANG II may contribute to and how chronic RAS inhibition may prevent 
the development of acute coronary syndrome. Earlier studies focused primarily 
on the role of the RAS in hypertension, but it is now well established that the 
RAS can affect cardiac and vascular structure and function via numerous com- 
plex pathways (Rolland et al. 1993). RAS has traditionally been described as a 
classic endocrine system, in which renin of renal origin acts on angiotensinogen 
of hepatic origin to produce angiotensin I in the plasma. Angiotensin I in turn 
is converted by pulmonary endothelial angiotensin-converting enzyme (ACE) to 
angiotensin II, considered the primary mediator of physiological actions of the 
RAS and its detrimental effects in various disease states (Jackson 2001). Recent- 
ly, the importance of local tissue RASs, of other angiotensin peptides in addition 
to angiotensin II such as angiotensin III, IV and angiotensin (1-7) (Dzau 2001; 
Tallant and Ferrario 1999), and of the interaction with other systems such as the 
endogenous kallikrein-kininogen-kinin system have been established. Since 
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most actions of angiotensin II are exerted through angiotensin type I (ATI) re- 
ceptors, other specific cell surface receptors, including AT2, AT4 and angioten- 
sin (1-7), are involved in the actions of angiotensin peptides and are discussed 
elsewhere in this book. 

The major effects of angiotensin II (Jackson 2001) include vasoconstriction; 
enhancement of peripheral noradrenergic transmission; increased central ner- 
vous sympathetic discharge; release of aldosterone; decreased urinary Na+; in- 
creased urinary K-l- excretion; migration, proliferation, and hypertrophy of vas- 
cular smooth muscle cells; hypertrophy of cardiac myocytes; proliferation and 
increased synthetic capacity of fibroblasts leading to increased cardiac and vas- 
cular extracellular matrix formation; release of thromboxane A2; and increased 
production of matrix metalloproteinases. Other effects are stimulation of plas- 
minogen activator inhibitor- 1 (PAI-1) synthesis, activation of endothelial 
NADP/NADPH oxidase leading to increased generation of superoxide anion, 
and activation and release of mediators of inflammation. Important cardiac and 
vascular consequences of these effects include an increase in blood pressure, 
changes in preload and afterload, cardiac hypertrophy and remodeling; hyper- 
trophy and remodeling of blood vessels, decreased nitric oxide (NO) activity, in- 
creased oxidative stress, endothelial dysfunction, increased oxidation of low- 
density lipoprotein (LDL) cholesterol, thrombosis, and plaque growth and rup- 
ture (Dzau 2001; Jackson 2001). 

Some recent experimental studies pointed to the potential interaction of ANG 
II with inflammatory cells (Ross 1999; Alexander 1994). ANG II was shown to 
enhance the migration and differentiation of blood-derived monocytes to mac- 
rophages, then into atherosclerotic plaques (Hernandez-Presa et al. 1997), a 
mechanism thought to be essential for both the progression of atherosclerosis 
and the development of acute coronary syndrome (Ross 1999). 

In various animal models, it was conclusively shown that the RAS contributes 
to plaque development. In fact, infusion of angiotensin II in apoE-deficient mice 
exacerbated experimental atherosclerosis and blockade of ATI receptors by 
losartan blunted atherosclerotic plaque formation in monkeys (Strawn et al. 
2000; Weiss et al. 2001). Molecular and cellular mechanisms, however, remained 
to be determined. 

3 

Angiotensin II, Superoxide Anions and Inflammation 

Reactive oxygen species — generated by the membrane-bound NADPH oxidase 
system and stimulated by ANG II via the ATI receptor — seem to be a pivotal 
step in the cross-link of inflammatory processes that contribute to atheroscle- 
rotic plaque formation. Griendling and colleagues first demonstrated that ANG 
II stimulates the generation of reactive oxygen species in vascular cells and 
macrophages (Greindling and Alexander 1997; Greindling et al. 1994), which 
are known activators for cytoplasmic signaling cascades such as the NF-kB, 
MAP-kinases or JAK/STAT cascade (Chakraborti and Chakraborti 1998) (Fig. 2). 
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Fig. 2 Model cascade of angiotensin II (ANG II) signal transduction leading to vascular smooth muscle 
cell hypertrophy, vasoconstriction and inflammation. Upon binding to its G protein-coupled ATI recep- 
tor, ANG II activates via tyrosine phosphorylation second messenger system such as the JAK/STAT cas- 
cade, connector proteins such as SHC, and subsequently p21ras 



Together, these mechanisms may enhance oxidative stress within the vascular 
wall and lead to activation of redox-sensitive genes, such as those for pro- 
inflammatory cytokines (Northermann et al. 1989; Kishimoto et al. 1995). 
IL-6 transcription was shown to be regulated by a redox-sensitive mechanism 
(Fuhrman et al. 1994; Han et al. 1999; Schieffer et al. 1998). A pivotal cellular 
signaling intermediate, involved in ANG Il-dependent pro-atherogenic potency, 
may be oxygen free radicals (Fig. 3). 

ANG II is capable of stimulating superoxide anions via the NADH/NADPH 
oxidase system, which involves a free-radical-forming enzyme formerly exclu- 
sively known for leukocytes (Greindling and Alexander 1997; Greindling et al. 
1994). Superoxide anions are known activators of signaling systems such as the 
JAK/STAT or NF-kB system (Schieffer et al. 1998; Pagano et al. 1997). These ob- 
servations suggest that ANG II may — via redox-sensitive mechanisms — activate 
IL-6 synthesis and release. Recent observations indicated that pro-inflammatory 
eicosanoids like leukotriene B4 and thromboxanes are involved in ATI receptor- 
dependent NADPH oxidase activation. The latter not only links inflammation 
with the RAS, but also pro-thrombotic mechanisms. Pro-inflammatory eicosa- 
noids are to elevated in patients with unstable angina and do play a critical role 
with their vasoconstrictive and mitogenic properties. A major urinary metabo- 
lite of thromboxane A 2 synthesized from extrarenal sources is 11 -dehydro 
thromboxane B 2 (TXB2), which is elevated in patients with unstable angina, and 
a major portion of this metabolite is believed to come from activated platelets. 
Eikelboom and colleagues (Eikelboom et al. 2002) reported that patients en- 
rolled in the HOPE trial, whose urinary 11 -dehydro TXB2 levels were in the 
highest quartile, had an odds ratio of 2 for developing myocardial infarction, 
and 3.5 for cardiovascular-related death compared with those subjects in the 
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Fig. 3 Interactions and contributions of inflammatory mediators oxidized lipoprotein and ANG II to 
plaque destabilization. This involves signaling mechanisms such as NF-kB, the JAK/STAT cascade and su- 
peroxide anions. Together, these mediators reduce collagen concentration and smooth muscle cell con- 
tent in the atherosclerotic lesion and simultaneously enhance the concentration of tissue factor. This 
molecular and cellular mimicry leads to destabilization of the fibrous cap and promotes atherosclerotic 
plaque instability 



lowest quartile. The deaths occurred in spite of the prophylactic measure of 
100 mg of acetylsalicylic acid; the underlying mechanism remained to be deter- 
mined. 

When ANG Il-induced effects are blocked by chronic ACE inhibition, macro- 
phage recruitment into the vessel wall was abolished, in both a rabbit model of 
atherosclerosis and apoE-deficient mice (Hernandez-Presa et al. 1997; Fuhmann 
et al 1994). Blockade of the ATI receptor by losartan prevented the accumula- 
tion of oxidative reactants in atherosclerotic vessel walls and reduced the extent 
of atherosclerotic lesion in the apo E-deficient animal model and monkeys 
(Keidar et al. 1997; Kalra et al. 2002). Thus, the interaction between reactive oxy- 
gen species, inflammatory cells and the RAS seem to be important not only for 
development of acute coronary syndrome, but also for the progression of ath- 
erosclerosis (Fig. 4). With regard to development of atherosclerotic lesions, evi- 
dence from other animal models, including rodents and primates, showed that 
ACE inhibition may reduce the extent of vascular lesions (Chobanian et al. 1990; 
Hayek et al. 1995; Aberg and Ferrer 1990). Additional mechanisms by which the 
RAS, via ANG II, may encourage the development of atherosclerosis and involve 
the activation of thrombosis pathways via PAI-1 (Ridker et al. 1993) and the 
stimulation of pro-inflammatory cytokines. PAI-1 serum levels in formerly heal- 
thy volunteers of the Physician Health Study were shown to be elevated and as- 
sociated with a higher risk of myocardial infarction (Ridker and Vaughan 1995). 

Recent evidence suggests that tumor necrosis factor (TNFa) and interleukin- 
ip are expressed in the shoulder region of atherosclerotic plaques (Mach et al. 
1997; Fiotti et al. 1999). Both cytokines are known stimulators of extracellular 
matrix degrading metalloproteinases, e.g., MMP-1, MMP-2,MMP-3 and MMP-9 
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Fig. 4 Scheme of angiotensin ll-induced cytokine synthesis and release. Via AT1 receptor activation, 
ANG II induces the release of arachidonic acid from the plasma membrane, which in turn activates 
NADPH oxidase via arachidonic acid metabolites. Superoxide anions generated by NADPH oxidase will 
subsequently stimulate synthesis and release of pro-inflammatory cytokines such as IL-6 and C0X2. This 
action can be blunted by ATI receptor antagonists 



(for summary see Rabbani and Topol 1999). However, their potential interaction 
with neurohumoral systems such as the RAS and their overall impact on the 
progression of atherosclerosis or development of acute coronary syndrome re- 
mains to be determined. Unpublished experiments from our laboratory demon- 
strated that ANG II does not stimulate TNFa or Interleukin Ip expression in hu- 
man coronary vascular smooth muscle cells or macrophages. However, ANG II 
is capable of inducing TNFa in myocytes (Kalra et al. 2002). 

Serum levels of interleukin 6 are elevated in patients with unstable angina 
(Biassuci et al. 1996; Marx et al. 1997) and have been implicated in the onset of 
acute coronary syndrome (Marx et al. 1997). Similar relationships have not been 
documented for other cytokines such as TNFa or IL1-/3. Thus, from a clinical 
point of view, the pathophysiological role of IL-6 is of particular interest. The 
question arises of whether IL-6 is only a marker or in fact a mediator. 

IL-6 is involved in a variety of physiological functions, including the stimula- 
tion of acute phase protein synthesis (a2-macroglobulin and C-RP leading to 
the activation of complement cascades), the induction of pro-thrombotic factors 
(e.g., PAI-1) and the stimulation of matrix degrading enzymes, such as MMP-1 
and MMP-9 (Kishimoto et al. 1995; Solis-Herruzo et al. 1996). 

A recent report by Rekhter and co-workers demonstrated that the delicate 
balance of plaque stability is controlled, on one hand, by intrinsic properties of 
the tissue and, on the other hand, by external forces to which the plaque is sub- 
jected (Rekhter et al. 2000). Based on this evidence, increased lipid content and 
decreased collagen content have been long suspected to decrease the mechanical 
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Fig. 5 Model cascade leading to coronary plaque rupture — role of angiotensin II. Summary of potential 
intermediates activated by angiotensin II via interleukin 6. ANG II induces IL-6 independently of lipid 
peroxidation and vasoconstriction, most probably via superoxide anions. In contrast, MMP expression 
and activation Is Induced in an IL-6-dependent manner in vitro. Together, these factors initiate the pro- 
cess of plaque destabilization and may contribute to the development of an acute coronary syndrome 



strength of plaques (Fig. 5) (Richardson et al. 1989; Davies et al. 1994). Thus, 
potential plaque-rupturing factors may include a powerful vasoconstrictor, e.g., 
angiotensin II, responsible for an increase in local circumferential stress, and 
pro-inflammatory cytokines such as IL-6, stimulating extracellular matrix de- 
composition. Rekhter et al. demonstrated that collagen loss was focal a feature 
that may have important consequences for formation of weak spots in plaques, 
(Rekhter et al. 2000) which are prone to rupture: vulnerable plaques [36]. Colla- 
gen loss was also found to occur predominantly in areas rich in macrophage-de- 
rived foam cells (CD68 positive cells) (Galis et al. 1994); this is in agreement 
with previous observations that human atheroma tends to rupture in areas with 
inflammatory infiltrates (Gamos et am/ 1994; van der Wal et al. 1994; Shah et al. 
1995). 

In this regard. Diet and co-workers first demonstrated that the ANG II- 
forming protease ACE is expressed in human atherosclerotic plaques (Diet et 
al. 1996). The authors demonstrated that in early- and intermediate- stage 
atherosclerotic lesions, ACE was predominantly expressed in lipid-laden macro- 
phages (similarly to pro-inflammatory cytokines), whereas in advanced lesions, 
ACE was predominantly localized throughout the microvasculature of plaques 
(Diet et al. 1996). Potter and co-workers further demonstrated that lipid-laden 
macrophages contain ANG II in a primate model of atherosclerosis (Potter et al. 
1998). In humans, at least two major enzymes — ACE and chymase — are in- 
volved in the conversion of ANG-I to ANG-II, and may contribute to ANG II for- 
mation in coronary arteries. Further investigations, in normal and atheroma- 
tous coronary arterial tissue from patients dying of noncardiovascular diseases, 
demonstrated that only ACE but not chymase was colocalized with ANG-II in 
the intima of stable arthrosclerotic plaques (Ohishi et al. 1999). These findings 
suggest that ACE is likely the primary source of ANG II in atherosclerotic hu- 
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man coronary arteries (Shieffer et al. 2000). Interestingly, Hoshida and col- 
leagues demonstrated that tissue ACE activity is selectively up-regulated in pa- 
tients with acute coronary syndromes, but serum ACE activity is not Hoshida et 
al. 2001). These observations suggest that tissue ACE activity may be an impor- 
tant regulator of ANG II formation at atherosclerotic lesions (Dzau 2001). 

Recent evidence suggests that IL-6 is increased in patients with acute coro- 
nary syndrome (Biassuci et al. 1996). In this regard, our laboratory demonstra- 
ted that ANG II and ACE are expressed predominantly in areas of clustered 
macrophages, in atherosclerotic coronary segments (Diet et al. 1996; Potter et al. 
1998; Ohishi et al. 1999). Since both ANG II and IL-6 may interact and also may 
be involved in the development of acute coronary syndrome, we investigated the 
in vitro and in vivo interactions between ANG II and IL-6. Our results demon- 
strated that ANG II induces the synthesis and release of IL-6 in smooth muscle 
cells and human macrophages (Schieffer et al. 2000), and immunohistological 
analysis further showed that ANG II, the ATI receptor, and ACE are expressed 
at strategically relevant sites of human coronary atherosclerotic plaques, that is, 
at the shoulder of macrophage-rich atherosclerotic plaques. Furthermore, ANG 
II was detected in close proximity to potential plaque rupture sites in coronary 
artery sections from patients who died from acute myocardial infarctions. Co- 
localization of components of the RAS with IL-6 was observed in stable coro- 
nary plaques and atherectomy tissues (Schieffer et al. 2000). Together, these 
findings suggest that the RAS may contribute to inflammatory processes within 
the arthrosclerotic vascular wall, and thereby may contribute to the develop- 
ment of acute coronary syndrome (Schieffer et al. 2000). 

However, is the in vitro interaction and the in vivo colocalization of ANG II 
and IL-6 of clinical importance for the stability of atherosclerotic lesion? As a 
mediator of inflammation, IL-6 stimulates a variety of intracellular signaling 
mechanisms, including the traditional cytokine signaling cascade of JAK-kinas- 
es and STAT transcription factors (signal transducers and activators of tran- 
scription) (Kishimoto et al. 1995) (Fig. 1). Via this signaling cascade, IL-6 medi- 
ates its physiological functions, including macrophage differentiation, B-cell 
maturation, acute phase protein and smooth muscle cell proliferation. As indi- 
cated above, cytokine-stimulated smooth muscle cells synthesize and release en- 
zymes responsible for extracellular matrix degradation, which may potentially 
destabilize the fibrous caps of plaques (Rabbani and Topol 1999) and may play 
an important role for pro-inflammatory cytokines (e.g., IL-6) in the develop- 
ment of acute coronary syndrome. Finally, IL-6 regulates expressions of adhe- 
sion molecules and other cytokines, (e.g., IL-ip and TNFa), which together may 
enhance an inflammatory reaction at atherosclerotic plaques. 

Since both ANG II and IL-6 activate identical cellular signaling events, we in- 
vestigated whether ANG II induces the release of PAI-1 and C-RP via activation 
of the JAK/STAT cascade. Preliminary results demonstrated that PAI-1 and C-RP 
were released when smooth muscle cells were stimulated with ANG II (Han et 
al. 1999). Preliminary results from ANG Il-stimulated, IL-6-deficient murine 
smooth muscle cells revealed that depletion of IL-6 blunted ANG Il-induced 
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metalloprotease expression and activity. Based on these findings, we suggest a 
model in which ANG II, via IL-6, may promote the development of acute coro- 
nary syndrome via induction of pro-thrombotic, complement activation and ac- 
tions of matrix degrading factors (e.g., PAI-1, GRP, metalloproteases). Accumu- 
lation of these factors contribute to the subsequent pro-atherogenic potency of 
ANG II (see Fig. 4). 

Thus it is suggested that IL-6 induction by ANG II is redox-sensitive and in- 
volves the aforementioned signaling cascades. In-fact, recent observations re- 
ported that blockade of superoxide anion generation by ANG II abolished ANG 
Il-induced IL-6 release in vitro [47]. In summary, generation of superoxide an- 
ions via the ATI receptor seems to be pivotal for the pro-inflammatory and pro- 
atherogenic properties of ANG II. 

4 

Impact of Angiotensin II Inhibition in Patients 
with Coronary Artery Disease 

The most conclusive evidence for the beneficial effects of angiotensin II (ANG 
II) inhibition in patients with atherosclerotic vascular disease, is demonstrated 
by large morbidity and mortality trials. Initial trials consisted of patients with 
reduced left ventricular ejection fraction (LVEF), with or without heart failure, 
and demonstrated that long-term therapy with ACE inhibitors reduced the risk 
for MI and cardiovascular death (Pfeffer et al. 1992; Yusuf et al. 1992; Rutherford 
et al. 1994; Kober et al. 1992; AIRE Study Investigators 1993; Flather et al. 2000). 
More recently, the HOPE trial (Yusuf et al. 2000) demonstrated a similar effect 
in patients with cardiovascular disease, but with preserved LVEF. This random- 
ized trial involved over 9,000 patients with a mean age of 55 years, presenting 
with CAD, prior stroke, peripheral arterial disease, or diabetes. These patients 
were then randomly assigned to either 10 mg/d of ramipril or placebo. After 
4.5 years, the clinical study reported a statistically significant reduction in the 
composite primary endpoint of MI, stroke, or death from cardiovascular causes. 
In addition, the risk of stroke, MI, revascularization procedures, heart failure, 
and new diabetes was reduced. These beneficial effects of treatment were at- 
tained with only a modest reduction in blood pressure (a 3-mmHg reduction in 
systolic and a 1.8-mmHg reduction in diastolic blood pressure). 

The only ACE inhibitor trial that failed to demonstrate a treatment benefit is 
the QUIET trial (Pitt et al. 2001)), which randomized 1,750 patients with CAD 
to treatment with 20 mg/d of quinapril or placebo. After a mean of 27 months, 
there were no significant differences in major ischemic events between the treat- 
ment and control groups. However, this study had several important limitations 
such as the lack of statistical reliability due to small sample size and the enroll- 
ment of low-risk study subjects (i.e., with a low incidence of major ischemic 
events); the quinapril dosage; and the choice of a composite primary outcome, 
which included so-called soft events. 
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The long-term effects of ACE inhibitor therapy on MI risk, in large ran- 
domized trials, support a beneficial action of these agents in atherosclero- 
sis. The Perindopril Protection Against Recurrent Stroke Study (PROGRESS) 
(PROGRESS Collaborative Group 2001), conducted in 6,105 patients with prior 
stroke or transient ischemic attack, reported a 28% reduction in recurrent 
stroke and a 26% reduction in major ischemic events after 5 years of treatment 
with an ACE inhibitor-based regimen (4 mg/d of perindopril with or without 
the addition of the diuretic indapamide). This beneficial effect of treatment is at 
least in part due to blood pressure lowering, but also to the antiatherosclerotic 
actions of ACE inhibitors. 

These large morbidity and mortality trials clearly support an important role 
for ACE inhibitors in the treatment of atherosclerotic vascular diseases, al- 
though several questions do remain. Thus, it is uncertain whether the benefits 
seen with ramipril in the HOPE trial extend to other ACE inhibitors and to low- 
risk patients with CAD and with preserved LV function (e.g., younger individu- 
als with less extensive disease than the HOPE study participants and those treat- 
ed aggressively with lipid-lowering agents). Also whether ACE inhibitors are su- 
perior to other drugs in preventing atherosclerotic complications in hyperten- 
sion remains in question. 

Some of these questions will be answered by ongoing clinical trails. The Pre- 
vention of Events with Angiotensin-Converting Enzyme (PEACE) (Pfeffer et al. 
2001) trial with over 8,000 participants and the European Trial of Reduction of 
Cardiac Events with Perindopril in Stable Coronary Artery Disease (EUROPA) 
(Davies et al. 1994) with over 10,000 patients, are evaluating trandolapril and 
perindopril in CAD with preserved LV function. The Ischemic Management with 
Accupril Post-Bypass Graft via Inhibition of Converting Enzyme (IMAGINE) 
trial, which enrolled over 2,000 patients, is testing the effect of early quinapril 
treatment, post-bypass graft surgery. The Antihypertensive and Lipid-Lowering 
Treatment to Prevent Heart Attack Trial (ALLHAT), which has completed the 
randomization of over 40,000 study participants, is comparing different blood 
pressure-lowering drugs, including lisinopril (Pepine 1996). 

5 

AT1 Blocker or ACE Inhibitors in Patients with Coronary Artery Disease? 

The angiotensin II receptor blockers (ATI antagonists) available for clinical use 
all bind to the ATI receptor with high affinity. ATI antagonists reduce the activ- 
ity of ATI receptor-mediated actions of angiotensin II more effectively than do 
ACE inhibitors. ACE inhibitors reduce biosynthesis of angiotensin II produced 
by ACE action on angiotensin I, but do not inhibit alternate non-ACE angioten- 
sin Il-generating pathways such as those of chymase, cathepsin G, or tonin. In 
contrast to ACE inhibitors, ATI -antagonists indirectly activate AT2 receptors, al- 
though the importance of AT2 -mediated effects is not clearly defined. Recent ev- 
idence suggests that AT2 receptors may exert antiproliferative, pro-apoptotic, 
and vasodilatory actions and may also have a modest effect on promoting bra- 
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dykinin release. ACE inhibitors more effectively increase angiotensin (1-7) lev- 
els more than ATI -antagonists, and this may result in additional beneficial car- 
diac and vascular effects. Lastly, ACE inhibitors increase the levels of various 
ACE substrates that are not angiotensin peptides, including bradykinin. In- 
creased bradykinin levels may also contribute to the beneficial cardiovascular 
effects of ACE inhibitors. Whether or not these distinct pharmacological differ- 
ences between ATI antagonists and ACE inhibitors result in significant differ- 
ences in therapeutic outcomes is unknown at present. 

In vivo and in vitro studies demonstrate that ATI antagonists inhibit most of 
the biological actions of angiotensin II, leading to decreased vascular smooth 
muscle cell contraction, decreased pressor responses, improved renal blood 
flow, and decreased cellular hypertrophy and hyperplasia (Sun et al. 2001; 
Ferrario 2002). Animal models treated with ATI antagonists demonstrated de- 
creased cardiac and arterial medial hypertrophy. Reduced extent of atheroscle- 
rotic lesions, in response to ATI receptor blockade treatment, was also observed 
in several animal models of atherosclerosis (Hayek et al. 1995; Aberg and Ferrer 
1990; Strawn et al. 2000). 

The clinical effects of ATI antagonists on vascular functions and structures 
in normotensive individuals has been evaluated in several trials. The Brachial 
Artery Normalization of Forearm Function (BANFF) study compared the effects 
of daily administration of 20 mg of quinapril, 10 mg of enalapril, 50 mg of losar- 
tan, or 5 mg of amlodipine on endothelial function, as assessed by brachial ar- 
tery flow-mediated vasodilation in 80 patients with CAD. After 2 weeks of treat- 
ment, losartan had no significant effect, whereas quinapril improved endothelial 
function, and this effect was related to the presence of an insertion allele of the 
ACE genotype (Chakraborti and Chakraborti 1998). In addition, our group 
(Hornig et al. 2001) studied 35 patients with CAD and reported that 4 weeks of 
treatment with 100 mg/d of losartan had a similar beneficial effect on endotheli- 
al function as 10 mg/d of ramipril. The different findings from these two studies 
may be related to the higher losartan dose, the length of therapy, and the assess- 
ment of endothelium-mediated vasodilation in the radial artery (as opposed to 
the more sensitive method of measuring brachial artery dilation). The Losartan 
Intervention for Endpoint reduction in hypertension study (LIFE) (Hornig et al. 
2001; Dahlof et al. 2002) randomized over 9,000 patients (55-80 years of age) 
with moderate to severe hypertension and left ventricular hypertrophy to either 
losartan or atenolol treatment. Mean follow-up time was 4.8 years. Even though 
the blood pressure lowering was similar in both groups (a 30-mmHg decrease 
in systolic and a 17-mmHg decrease in diastolic blood pressure), the composite 
endpoint of death, MI or stroke was significantly lower in the losartan group. 
The greatest benefit was the 25% reduction in the incidence of stroke. Trends 
toward fewer all-cause deaths, cardiovascular deaths, and infarctions were ob- 
served in the losartan group; however, these observed differences were statisti- 
cally insignificant. No significant differences were noted in the incidences of an- 
gina, heart failure, revascularization, and resuscitated cardiac arrest. 
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Whether ATI receptor blockade is as effective as ACE blockade in patients 
with MI or chronic atherosclerotic vascular disease was studied in the OPTI- 
MAAL trial (Dickstein and Kjekshus 2002). With over 5,000 patients enrolled in 
the study, the results showed that 50 mg of losartan had no beneficial effect with 
respect to mortality and clinical events, as compared to 150 mg of captopril. 
The investigators therefore suggest that at the moment, first-line treatment of 
patients with documented atherosclerosis should be ACE inhibitors. However, 
ongoing large-scale clinical trials will compare ATI antagonists against ACE in- 
hibitors, and evaluate ATI antagonists versus placebo in ACE-intolerant pa- 
tients. The combination therapy of ATI receptor antagonist and ACE inhibitor 
will be investigated. Combined therapy is theoretically appealing and was 
shown, in the Randomized Evaluation Of strategies for Left Ventricular Dysfunc- 
tion (RESOLVD) study (McKelvie et al. 1999) to be more beneficial than either 
single treatment in improving the neurohormonal balance and left ventricular 
remodeling. The Valsartan in Acute MI (VALIANT) trial (Cohn and Tognoni 

2001) was designed to randomize over 14,000 patients with heart failure and/or 
LVEF with less than 40% within 10 days after MI to treatment with valsartan 
alone or in combination with captopril (Cohn and Tognoni 2001). The Ongoing 
Telmisartan Alone and the Ramipril Global Endpoint Trial (ONTARGET) (Yusuf 

2002) will enroll approximately 23,000 patients 55 years or older with a history 
of CAD, stroke, or peripheral arterial disease: however, subjects will be without 
heart failure or known low LVEF. The Telmisartan Randomized Assessment 
Study in ACE Inhibitor-Intolerant Patients with Cardiovascular Disease (TRAN- 
SCEND) trial (Yusuf 2002) will compare telmisartan to placebo in 5,000 patients 
who cannot tolerate ACE inhibitors. The ONTARGET and TRANSCEND trials 
are designed to test the effectiveness of ATI -antagonists and/or combined 
ATl-/ACE-inhibitor treatment in reducing atherosclerotic events. Based on these 
studies, the current recommended action for first-line treatment of patients with 
documented atherosclerosis remains ACE inhibitors. 

6 

Conclusion 

Components of the RAS are expressed in the shoulder region of coronary 
atherosclerotic plaques, areas prone to increased risk of plaque rupture. In vitro 
observations suggest a close interaction between ANG II and IL-6, which in- 
volves the generation of pro-inflammatory eicosanoids and superoxide anions 
by the NADPH oxidase system. This interaction of ANG II and IL-6 may play a 
pivotal role in vessel wall inflammation, thrombosis and remodeling, by stimu- 
lating acute phase proteins, pro-thrombotic factors such as PAI-1 and metallo- 
proteases. Thus, the induction of IL-6 by ANG II may be one important mecha- 
nism by which ANG II could be involved in the development of atherosclerosis 
and acute coronary syndrome. 
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Abstract Extracellular matrix (ECM) is an important structural and functional 
constituent of both healthy and diseased blood vessels. Vascular cells are em- 
bedded in the multicomponent network of the ECM that contains collagens, oth- 
er glycoproteins, proteoglycans and carbohydrates. The interaction between em- 
bedded cells and ECM is mediated through specific transmembrane receptors 
such as integrins or syndecans. Upon activation integrins initiate intracellular 
signaling cascades and establish a connection to the cytoskeleton. Production of 
ECM by vascular smooth muscle cells, which are the main source of ECM in 
blood vessels, is regulated by a variety of growth factors, cytokines and peptide 
hormones, among them angiotensin II (ANG II). ANG II regulates the composi- 
tion of the vascular ECM by a variety of mechanisms, including increased ex- 
pression of particular ECM genes, which is mediated either directly or via the 
stimulation of autocrine growth factor release. In addition, ANG II induces plas- 
minogen activator inhibitor I (PAIl), which is involved in the fine tuning of pro- 
teolytic ECM turnover. This review focuses on the regulation of fibronectin, col- 
lagen and proteoglycan expression by ANG II in VSMC and blood vessels and 
on the modulation of ECM degradation by matrix metalloproteinases. Further- 
more, the modulation of focal adhesion signaling through the convergence with 
ANG Il-induced tyrosine phosphorylation is discussed. 

T. Unger et al. (eds.), Angiotensin 
© Springer- Verlag Berlin Heidelberg 2004 
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Abbreviations 

ANG II 
ECM 
EGF 
FAK 
FN 
GAG 
GPCR 
HA 
MAPK 
MMP 
PAI-1 
PDGF 
PI3K 
PKC 
PEG 
Pyk-2 
RGD 
TGF^l 
TIMP 
TN-C 
uPA 

1 

Introduction 

Increased activity of the renin angiotensin aldosterone system (RAAS) is associ- 
ated with higher risks of cardiovascular morbidity and mortality, caused by ele- 
vation of arterial blood pressure and by blood pressure-independent mecha- 
nisms (Alderman et al. 1991). Trophic effects of angiotensin II (ANG II) on the 
vasculature include cellular hypertrophy, increased migration and mitosis of 
vascular cells. Increased accumulation of vascular extracellular matrix (ECM) is 
involved in these adverse pressure-independent effects of ANG II. The peri- and 
extracellular portions of the arterial wall are composed of ECM, which has a 
strong influence on the phenotype of vascular cells. The ECM of blood vessels is 
elaborated by vascular cells, and forms a complex network comprising colla- 
gens, glycoproteins, proteoglycans and hyaluronic acid (HA). Many ECM mole- 
cules bind to each other, creating a multicomponent scaffold that interacts with 
embedded cells. Vascular cells express integrins, CD44 and other ECM receptors 
that enable cells to form contacts with the ECM, and transduce signals from the 
ECM to the inside of the cells (for review see Giancotti and Ruoslahti 1999). In 



Angiotensin II 
Extracellular matrix 
Epidermal growth factor 
Focal adhesion kinase 
Fibronectin 
Glycosaminoglycan 
G protein-coupled receptor 
Hyaluronic acid 

Mitogen-activated protein kinase 
Matrix metalloproteinase 
Plasmin activator inhibitor 1 
Platelet derived growth factor 
Phosphatidylinositol 3-kinase 
Protein kinase C 
Phospholipase C 
Proline-rich tyrosine kinase 2 
Arginine, glycine, aspartate motif 
Transforming growth factor beta 1 
Tissue inhibitor of MMP 
Tenascin 

Urokinase plasmin activator 
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situ, vascular smooth muscle cells (VSMC) are surrounded by basement mem- 
brane comprising mainly collagen I, -III, -IV, -VI, laminin and perlecan. The 
basement membrane is believed to augment the differentiated phenotype of 
VSMC, which is characterized by contractility, low synthetic and proliferative 
activity (Thyberg and Hultgardh-Nilsson 1994). The ECM surrounding VSMC 
can undergo rapid and extensive remodeling during development of vascular 
disease. ECM remodeling entails degradation of old components, synthesis of 
new components and expression of new cell surface integrin receptors. The 
ECM is capable of determining the responsiveness of vascular cells to growth 
factors, peptide hormones and cytokines (Raines et al. 2000). In addition, ECM 
(a) modulates mechanical properties of the vessel wall, i.e., vascular stiffness 
and atherosclerotic plaque stability; (b) sequesters growth factors, i.e., trans- 
forming growth factor beta-1 (TGF/?1) and fibroblast growth factor-2 (FGF-2); 
and (c) participates in lipid accumulation and modification. 

This chapter focuses on VSMC — the main source of vascular ECM — and the 
effect of ANG II on ECM composition, ECM-mediated signals and ECM-mediat- 
ed changes in the phenotype of VSMC. ANG II mediates the majority of its ac- 
tions via two G-protein-coupled receptors (GPCRs), angiotensin II type 1 recep- 
tor (ATi receptor) and angiotensin II type 2 receptor (AT 2 receptor). As most 
known effects of ANG II on ECM expression, function and signaling are mediat- 
ed by ATi receptors, this review discusses mainly ATi receptor-mediated effects 
in vasculature and VSMC. AT 2 receptor-mediated effects on ECM in VSMC will 
be only briefly summarized (see Sect. 3.1, “AT 2 Receptor and Vascular EMC”). 
ANG II has a profound impact on the expression and degradation of vascular 
ECM and ECM-mediated signaling, which are thought to contribute significant- 
ly to the long-term effect of ANG II on vascular remodeling. 

2 

Focal Adhesion Complex and Cellular Phenotype 

It has long been known that ECM contact is essential for adhesion, growth and 
survival of adhesive cells in connective tissues. Cells interact with the ECM via 
specific receptors. The best-characterized, and likely the most important group, 
are integrin heterodimers (Aplin et al. 1998); however, other ECM receptors are 
also potent modulators of cellular function and phenotype, such as the HA-re- 
ceptors, CD-44 and the receptor for HA-mediated motility (RHAMM) (Turley et 
al. 2002). Transformed cells lose the integrin dependency for cell cycle progres- 
sion and survival, which is fundamental to their propensity for metastasis. As 
with most cells in adult tissues, VSMC are permanently engaged with the sur- 
rounding ECM and form stable contacts with the ECM (focal adhesions). How- 
ever, in order to proliferate and migrate during tissue remodeling, cells need to 
break existing focal adhesions and establish new contacts. This leads to local 
changes in the activity of downstream signaling events, such as mitogen-activat- 
ed protein kinase (MAPK) activity, which converge with the signaling of recep- 
tor tyrosine kinases or GPCR. The phenotype of a cell at a given time reflects 
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the integration of a variety of signals initiated by extracellular ligands of inte- 
grins and other adhesion receptors, tyrosine kinase receptors, GPCRs, and addi- 
tional mediators such as nitric oxide, reactive oxygen species or mechanical fac- 
tors. Structural components of the focal adhesion complex are briefly intro- 
duced. Integrins are heterodimeric transmembrane receptors comprising alpha 
and beta subunits that mediate cell adhesion to the ECM at focal adhesions. 
Eight beta subunits and 16 alpha subunits have been cloned in mammals, 
forming at least 23 defined a^-heterodimers (for review see Aplin et al. 1998; 
Giancotti and Ruoslahti 1999). The integrin heterodimers have relatively broad 
substrate specificities, often allowing the ligation of a particular heterodimer by 
several ECM molecules. Often, it is the arginine-glycine-aspartate (RGD) se- 
quence within the protein core of ECM molecules that is recognized by integrins 
(Fig. 3). Upon interactions with their respective ligands, integrins cluster and 
enable cells to form focal contacts with the surrounding ECM. Integrins are de- 
void of enzymatic activity and associate with adapter proteins such as vinculin, 
talin, paxillin, and pl30^^^ to form a multimolecular platform, the focal adhe- 
sion complex, which allows initiation of signaling cascades that transduce infor- 
mation from the ECM into the cell (Fig. 3). Adaptor molecules of the focal adhe- 
sion complex connect to actin-containing filaments of the cytoskeleton. Further- 
more, integrins recruit various tyrosine kinases to the focal adhesion complex, 
including focal adhesion kinase (FAK), integrin linked kinase (ILK), Src-family 
kinases and proline-rich tyrosine kinase 2 (Pyk-2). Through these kinases, inte- 
grins initiate signaling cascades that support mitogenic growth factor signaling, 
control cell cycle progression and inhibit apoptosis. Another important function 
of integrins is the control of cell spreading and migration, which is in part me- 
diated through the Rho-family of small guanine nucleotide-binding proteins, 
Rho, Rac and Cdc42 (Keely et al. 1997). From the above-mentioned interactions 
between cells and ECM, it can be concluded that any factor that alters the com- 
position of ECM or interferes with the signals generated by the ECM receptors 
will thereby have a profound impact on cell behavior, phenotype and gene ex- 
pression. These mechanisms of interference will be further discussed, with re- 
spect to ANG II. 

3 

Modulation of ECM-Mediated Signals by ANG II 

There are at least three avenues via which ECM-mediated signals can be modu- 
lated by ANG II. Firstly, ANG II, via ATi or AT 2 receptors, can induce or repress 
ECM gene expression; this can be either a direct effect or one mediated indirect- 
ly through the autocrine release of growth factors. Secondly, ANG II regulates 
degradation of ECM components, which terminates existing ECM signals, and 
generates new signals through either the formation of bioactive ECM fragments 
or the exposure of cryptic sites within ECM molecules. Thirdly, ANG II recep- 
tor-mediated signals interfere with focal adhesion signaling that is initiated by 
ECM-integrin interaction. See Fig. 1. 
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Fig. 1 Interrelationship between ANG II, ECM and vascular remodeling. ANG II induces the expression 
of a variety of ECM genes, inhibits ECM degradation and directly interferes with the signaling of focal 
adhesion complexes. Consequently, the composition of the ECM changes, which has direct effects on 
vessel structure, mechanical properties and ultimately vessel function. ANG II modulates the phenotype 
of vascular cells directly by interference with focal adhesion signaling and indirectly via changes in the 
composition of ECM. Alterations of the vascular phenotype, including the propensity of cells to prolifer- 
ate and migrate, contribute to changes in vessel structure, function and progression of vascular disease 



3.1 

AT2 Receptor and Vascular ECM 

The AT 2 receptor is discussed, in detail, in the chapters by Balt and Pfaffendorf 
and by Wruck et al., of this volume. AT 2 receptors are abundantly expressed 
during embryonic development, but are less present after birth. It is, however, 
present in adult human vasculature, e.g., in renal and coronary arteries. The AT 2 
receptor often counteracts with the AT 1 receptor and is involved in regeneration 
and repair programs (for review see de Gasparo et al. 2000; Stoll and Unger 
2001). Knowledge about AT 2 receptor effects on ECM remodeling in the vessel 
wall and VSMC is limited, and thus will only be discussed briefly. It is possible 
that the functional significance of AT 2 receptors during ECM remodeling is un- 
derestimated, since many studies investigating ANG II and ECM were per- 
formed in cultured adult VSMC, which do not express AT 2 receptors. During 
vascular disease, expression of AT 2 receptors is induced and thus could poten- 
tially play a role in the control of ECM remodeling or ECM signaling (Akishita 
et al. 2000a; Nakajima et al. 1995). In support of this hypothesis are studies 
showing that experimental overexpression of AT 2 receptors in cultured VSMC 
induce collagen, fibronectin (FN) and proteoglycan expression (Chassagne et 
al. 2002; Mifune et al. 2000; Shimizu-Hirota et al. 2001). Moreover, in microvas- 
cular endothelial cells endogenously expressed AT 2 receptors mediate growth 
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inhibition and induction of thrombospondin 1 (TSP-1) (Fischer et al. 2001a). 
Experiments using gene transfer of the AT 2 receptor into the rat balloon injury 
model demonstrated inhibition of neointimal hyperplasia by the AT 2 receptor 
(Nakajima et al. 1995). This is in agreement with known antiproliferative effects 
of the AT 2 receptor in cultured endothelial cells (Stoll et al. 1995), which has 
been confirmed in many other cell types, including VSMC. Most studies using 
AT 2 receptor-deficient mice suggest that AT 2 receptors inhibit hypertrophy and 
vascular fibrosis (Akishita et al. 2000b; Brede et al. 2001). In contrast, the one 
study in rats and another in AT 2 receptor-deficient mice revealed the opposite 
results, suggesting that AT 2 receptors promote hypertrophy and fibrosis (Levy et 
al. 1996; Senbonmatsu et al. 2000). These contrasting results might be related to 
differences in genetic background, since different AT 2 receptor-deficient mouse 
strains (FVB/N vs C57B6) were used. The FVB/N mice, in which the AT 2 recep- 
tor was shown to inhibit vascular fibrosis (Akishita et al. 2000b; Brede et al. 
2001), are known to form an extensive neointima in response to vascular injury. 
In contrast C57B6 mice, in which the AT 2 receptor was reported to support vas- 
cular fibrosis (Senbonmatsu et al. 2000), are less responsive to arterial injury 
(Harmon et al. 2000). An alternative explanation for these contradictory results 
might be the differences in the function of AT 2 receptors in vessels of different 
origin. Furthermore, many glycoproteins and proteoglycans known to be in- 
volved in fibrotic remodeling and neointimal hyperplasia have yet to be charac- 
terized with respect to regulation by the AT 2 receptor. Thus, although experi- 
mental evidence suggests that the AT 2 receptor is involved in regulation of vas- 
cular ECM composition in vivo, a definitive conclusion is not yet possible as to 
whether it is inhibitory or stimulatory and which ECM components are regulat- 
ed by the AT 2 receptor. 



3.2 

Modulation of Expression 

ECM remodeling during vascular disease (i.e., atherosclerotic lesion develop- 
ment) involves the formation of significant amounts of new ECM components 
such as proteoglycans, FN, osteopontin, tenascin C (TN-C), vitronectin and 
TSP-1. These molecules are all important modulators of VSMC phenotype, and 
most of them are up-regulated in response to ANG II in VSMC (see Table 1). 
With respect to modulation of ECM expression, this review focuses on collagen, 
FN and proteoglycans, since there exists convincing evidence of significant roles 
for these ECM components in various vascular diseases and for interrelation- 
ships with the RAAS. 

3.2.1 

Fibronectin 



Fibronectin (FN) is a glycoprotein of the vascular ECM (Ruoslahti 1988), which 
can be derived from the circulation or synthesized by cells of the vascular wall. 
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Table 1 The table displays a selection of representative studies on the regulation of individual ECM 
glycoproteins and proteoglycans by Ang II. The Involved receptors are indicated as well as the involve- 
ment of autocrine factors 



ECM component 


Receptor 

subtype 


Paracrine 
factors involved 


Reference(s) 


Eldstin 


AT, 1 


ND 


Tokimitsu et al. 1994 


Tenascin 


AT, 1 


NO 


Sharifi et al. 1992; 
Mackieetal. 1992 


Fibfonectin 


AT, 1 


TGF-/?1 


Sharifi et al. 1992; 
Matsubara et aL 2000 




ATj^ 1 


ND 


Chassagne et at 2002 


Collagen types 1, III 


AT, I 


TGF-/J1 


Ford et at 1999 




ATj' I 


ND 


Mifune et al. 2000 


Thrombospondin-! 


AT, I 


ND(TGF-/?1, PDGF-A) 


ScoH-Burden et at 1990 


Versican, biglycan, perlecan 


AT, 1 

AT/ 1 


TGF-/31 


Shimizu^Hirota et al. 2001 


Syndecan-1 


ND 1 


ND 


Cizmeci-Smith etat 1991 


Osteopontin 


NO i 


ND 


Giachelli et at 1993 



it, Down- or up-regulation. 

^ Retroviral overexpression of AT-2 receptors in VSMC. 
ND, not determined. 



Cellular FN generated by vascular cells is distinct from plasma FN that is secret- 
ed by the liver, by virtue of the FN type III modules (ED-A, ED-B) generated by 
alternative splicing (for review see Kosmehl et al. 1996). FN is expressed at low 
levels in normal healthy arteries. However, it is markedly induced and accumu- 
lated during atherosclerosis and neointimal hyperplasia (Labat-Robert et al. 
1985). Soluble dimeric FN molecules polymerize into a FN matrix in an integrin 
(aspi) dependent manner (Pickering et al. 2000). FN is a ligand to several inte- 
grin heterodimers such as ot^3, avP5 and a5pl. Among these integrins, only 
aSpl is specific for FN. The FN-integrin interactions induce signaling cascades 
that merge with those of growth factors and ANG II (see also Sect. 3.4, “Modula- 
tion of Focal Adhesion Signaling”) and determine the response of VSMC to 
these stimuli. 

Animal studies in rats along with in vitro studies of human and rat VSMC 
have shown that FN is induced by ANG II via the ATi receptor. After balloon in- 
jury Spraque-Dawley rats exhibited a marked up-regulation in FN, which was 
blocked by a specific ATi receptor antagonist (Kim et al. 1995). Furthermore, 
the ATi receptor induces FN also ANG II in uninjured vessels (Himeno et al. 
1994). The effect of ANG II on FN was at least partially independent of blood 
pressure elevation. Recently, it was demonstrated that AT i receptors mediate FN 
expression, especially FN-EIIIA, via signaling involving phosphatidylinositol- 
specific phospholipase C (PI-PLC), protein kinase C (PKC), protein tyrosin 
phosphorylation and phosphatidylinositol 3 kinase (PI3K), eventually leading 
to activation of the API -like binding site of the FN promotor (Tamura et al. 
1998, 2000). ATi receptors are also involved in stretch-induced FN expression 
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Fig. 2 Interdependency of tissue RAS and fibronectin expression. In VSMCs, FN induces, via av^3-inte- 
grins, the expression of angiotensinogen, cathepsin D and ACE, leading to autocrine generation of ANG 
II and up-regulation of TGF^I. In turn, ANG II and TGF^I induce additional FN expression. Furthermore, 
ANG II itself induces release of active TGF)31 and increases the expression of TGF^I-type 1 receptors 
(not shown). Through this mechanism, VSMCs shift toward the synthetic, proliferative and migratory 
phenotype 



(Tamura et al. 2000). In addition, mechanical stretch induces angiotensin-con- 
verting enzyme (ACE) and ATi receptor expression, and ANG II generation in 
VSMC (Matsubara et al. 2000). Furthermore, cultured VSMC express angiotensi- 
nogen, cathepsin D, ACE and TGF^l in response to contact with FN, which re- 
sults in increased ANG II production (Hu et al. 2000). The described interdepen- 
dencies between mechanical stretch, FN expression, ANG II generation and au- 
tocrine TG¥pi may create a positive feedback loop leading to sustained increase 
in FN expression and activity of the tissue renin-angiotensin system. See Fig. 2. 

The functional significance of ANG II induced FN production in VSMC is 
confirmed by the phenotypic modulation of VSMC by FN: VSMC, in contact with 
FN, are more responsive to mitogenic and migratory stimuli (Hedin and Thyberg 
1987). Furthermore, VSMC proliferation depends on FN matrix assembly, as in- 
hibition of FN assembly was shown to almost completely inhibit SMC prolifera- 
tion (Mercurius and Morla 1998). After balloon injury of the rat carotid artery, 
the luminal dedifferentiated VSMC up-regulate the FN-specific integrin, a5^1, 
and rapidly assemble a polymeric FN matrix (Pickering et al. 2000). In vivo, in 
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neointimal cells, FN is thought to provide a substrate for adhesion, to promote 
cell migration and proliferation and to prevent apoptosis. ANG Il-induced FN is 
therefore likely to support the proliferative response of neointimal cells and to 
facilitate the migratory response of VSMC during vascular remodeling. 



3.2.2 

Collagen 

Type I collagen is abundant in both normal adult arteries and remodeled arte- 
ries in vascular disease. The polymerization process of collagen, in contrast 
to FN fibril formation, is independent of interactions with cells and integrins. 
The size of collagen type I fibrils, the degree of lateral fusion and the three-di- 
mensional orientation within the ECM are, however, subject to modulation by 
proteoglycans (i.e., decorin), type III collagen and other ECM components. 
VSMC adhere to collagen mainly via alply but also aipi and a3pl integrins 
(Yamamoto and Yamamoto 1994; Gardner 1996). Functional consequences of 
collagen accumulation in the vessel wall are complex and can vary among vascu- 
lar diseases such as hypertension, restenosis and atherosclerosis. Depending on 
the fibrillar organization of collagen, different consequences have been de- 
scribed, ranging from promotion to inhibition of proliferation and migration. 
Functional aspects of collagen accumulation in the vessel wall and its interrela- 
tionships with the RAS are discussed in following paragraphs. 

The extent of collagen type I and III deposition in the vascular wall and the 
three-dimensional organization of collagen determine mechanical properties of 
blood vessels. One clinically important aspect is arterial stiffness, which — if it is 
increased — is associated with higher cardiovascular morbidity and mortality in 
patients (O’Rourke and Frohlich 1999). Increased vascular stiffness contributes 
to the development of increased systolic blood pressure, pulse pressure and aor- 
tic pulse wave velocity, which then expands the vascular load on the heart fol- 
lowed by adverse left ventricle remodeling and impaired cardiac function 
(Lakatta 1993). In chronic hypertension, increased vascular collagen accumula- 
tion and vascular stiffness are observed (Ooshima et al. 1974). Many in vitro 
(Kato et al. 1991) and animal studies (Fakhouri et al. 2001) suggest that ANG II, 
via the ATi receptor, increases collagen expression by VSMC and collagen accu- 
mulation in vessel walls. In human VSMC, paracrine release of TGF^^l mediates 
collagen synthesis and expression, in response to ATi receptor activation (Ford 
et al. 1999). The significance of ATi receptor-driven collagen expression is fur- 
ther underlined by the association between aortic stiffness and ATi receptor 
polymorphisms in hypertensive patients (Benetos et al. 1996). 

In vascular lesions, collagen accumulation can be both detrimental and bene- 
ficial. Collagen is an important constituent of vascular lesions, serving as a scaf- 
fold for the binding of other ECM components such as FN and proteoglycans. 
Extensive collagen accumulation will increase neointimal thickness and the ex- 
tent of stenosis. On the other hand, high collagen content of the fibrous cap, 
which is determined by the balance of collagen expression and degradation, will 
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increase atherosclerotic plaque stability (Plutzky 1999). Recently, this view was 
experimentally confirmed by the inhibition of TGF/^1 resulting in decreased pla- 
que stability in primary atherosclerosis in mice (Lutgens et al. 2002; Mallat et al. 
2001). Therefore, with respect to the atherosclerotic plaque, increased expres- 
sion of collagen in response to ANG II would not necessarily be detrimental to 
the individual. Another interesting consequence of ANG Il-mediated stimula- 
tion of collagen deposition in the vascular wall is the phenotypic modulation of 
VSMC. It is well known that polymeric collagen inhibits VSMC proliferation in- 
duced by serum, platelet derived growth factor (PDGF) BB and other growth 
factors (Raines et al. 2000). It was shown that the growth-inhibiting effects of 
fibrillar collagen are mediated by cyclin-dependent kinase inhibitors p27 and 
p21 (Koyama et al. 1996). In contrast, monomeric collagen supports VSMC 
growth (Koyama et al. 1996). It seems to be a contradiction that ANG II should 
support via the ATi receptor proliferation (Su et al. 1998) and at the same time 
increase synthesis of collagen type I, which is antiproliferative in its polymer- 
ized form. However, ANG II often causes vascular and cellular hypertrophy 
rather than hyperplasia (Geisterfer et al. 1988). Therefore, it can be hypothe- 
sized that the induction of a fibrillar collagen matrix could balance mitogenic 
stimulation by ANG II and other factors in the vessel wall. 

In summary, ATi receptor-induced collagen accumulation in adult arteries 
contributes to increased wall stiffness, which is associated with elevated cardio- 
vascular morbidity and mortality. ANG Il-driven collagen and ECM accumula- 
tion will adversely affect atherosclerotic plaques and restenotic lesions by in- 
creasing neointimal volume. On the other hand, collagen deposition in the fi- 
brous cap can stabilize the plaque. How the phenotype of VSMC will be affected 
by ANG Il-mediated stimulation of collagen expression depends on fibrillar or- 
ganization, the extent of proteolysis and the presence of other ECM molecules. 
In conclusion, regulation of collagen expression and accumulation by ANG II is 
of functional and clinical significance since collagen regulates SMC phenotype, 
contributes significantly to the ECM of vascular lesions and determines me- 
chanical properties of the vessel wall. 



3 . 2.3 

Proteoglycans 

Proteoglycans consist of a protein core with one or more glycosaminoglycan 
(GAG) chains attached. Vascular proteoglycans are differentiated into extracellu- 
lar and pericellular proteoglycans. The main extracellular proteoglycans pro- 
duced by VSMC are chondroitin/dermatan sulfate proteoglycans (CS/DS-PGs) 
versican, biglycan, decorin and the heparan sulfate proteoglycan (HS-PG) per- 
lecan (Evanko et al. 1998; Yao et al. 1994). Important pericellular proteoglycans 
in VSMC are HS-PGs syndecan 1-4 and glypicans. The former are transmem- 
brane molecules that are capable of signaling and function as coreceptors for 
FGF-2 (Kiefer and Barr 1990). In the following paragraph, the functional signifi- 
cance of proteoglycans and associated molecules for VSMC phenotype is sum- 
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marized. Proteoglycans do not directly interact with integrins; however, they 
may interrupt integrin-ECM interactions by displacing integrin ligands and 
modulate the polymerization of integrin ligands such as collagens and FN. 
Biglycan and versican are modulators of elastic fiber formation (Merrilees et al. 
2002; Reinboth et al. 2002). Decorin is a regulator of collagen fibril formation 
(Danielson et al. 1997; Fischer et al. 2000; Scott and Haigh 1988) and an inhibi- 
tor of TGFySl activity in VSMC (Fischer et al. 2001b; Yamaguchi et al. 1990). Ver- 
sican contains glomerular G1 and G3 domains, both of which are believed to 
promote proliferation (Yang et al. 1999; Zhang et al. 1998). Biglycan and versi- 
can bind low-density lipoproteins (LDL) and oxidized LDL (oxLDL), resulting 
in increased lipid accumulation in the vessel wall (O’Brien et al. 1998). Interest- 
ingly, versican and biglycan are also induced by oxLDL in VSMC, which is prob- 
ably a positive feedback loop aggravating lipid accumulation (Chang et al. 
2000). Taken together, proteoglycans are believed to play an important role 
during vascular remodeling and the progression of human restenotic and 
atherosclerotic lesions, by providing a pro-proliferative and pro-migratory 
environment and by sequestering LDL particles within the ECM. PG synthesis 
is increased in large arteries of hypertensive rats (Walker-Caprioglio et al. 
1992). Furthermore, ANG II stimulates CS/DS-PG production in cultured rat 
VSMC (Bailey et al. 1994) and in the vasculature of Spraque-Dawley rats in 
vivo (Simon et al. 1994). It has also been suggested that ANG II regulates the ex- 
tent of sulfation in GAG side chains in VSMC (Castro et al. 1999). With respect 
to specific gene regulation, ANG II induces the expression of syndecan-1 
(Cizmeci-Smith et al. 1993), versican, biglycan and perlecan via the ATi receptor 
in rat VSMC (Shimizu-Hirota et al. 2001). This ANG II effect seems to involve 
transactivation of the EGF receptor and activation of MAPK/ERK kinase (MEK) 
(Shimizu-Hirota et al. 2001). Recently, it was demonstrated that ANG II induces 
proteoglycans with a higher affinity to LDL in VSMC, by modulating the com- 
position and sulfation of the GAG chains (Figueroa and Vijayagopal 2002). This 
mechanism could be of relevance in vivo since it could support lipid accumula- 
tion and foam cell formation in the vessel wall. These in vitro results are sup- 
ported by the observation that a ATi receptor antagonist reduces biglycan and 
decorin expression in the kidney of hypertensive rats (Sasamura et al. 2001). In 
summary, ANG II, via the ATi receptor, regulates PG expression in VSMC in vit- 
ro and in vivo. This regulation is likely biologically relevant since even a subtle 
shift in PG expression by ANG II can significantly alter the properties of vascu- 
lar ECM, as detailed above. 



3.2.4 

Induction of Autocrine Factors 

In VSMC, ANG II induces autocrine release of TGF^Sl (Gibbons et al. 1992; Itoh 
et al. 1993) through activation of the AP-1 complex (Morishita et al. 1998). Ad- 
ditionally, PDGF A-chain and FGF-2 are released in response to ANG II (Itoh et 
al. 1993; Naftilan et al. 1989). Recent experiments in mice have implicated the 
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Kriippel-like zinc-finger transcription factor 5 (KLF-5) in the expression of 
PDGF-A and probably also TGF^01 in response to ANG II (Shindo et al. 2002). 
Furthermore, the study conducted by Shindo et al. (2002) demonstrated that the 
induction of PDGF-A chain and TGF/?1 is essential for hyperplastic and fibrotic 
vascular remodeling in response to arterial injury in heterozygote KLF-5-defi- 
cient mice. Autocrine release of these growth factors contributes to the migrato- 
ry, proliferative or hypertrophic responses of VSMC to ANG II, as shown in 
numerous in vivo and in vitro studies (for review see Berk 2001). With respect 
to ECM modulation, TGFjSl induction is particularly important since it inhibits 
ECM degradation by matrix metalloproteinases (MMPs), via up-regulation 
of tissue inhibitors of MMPs (TIMPs) and plasminogen activator inhibitor- 1 
(PAI-1, see Sect. 3.3, “Inhibition of EMC Turnover”), and down- regulation of 
MMPs. TGF^l is also a potent inducer of ECM-expression (Roberts et al. 1992). 
Vascular proteoglycans such as biglycan, versican and perlecan are induced by 
TGF^l, as well as collagen, FN and many other ECM molecules (lozzo 1997; 
Schonherr et al. 1991). The importance of autocrine release of growth factors in 
response to ANG II for ECM remodeling ANG II was recently demonstrated: in 
vascular VSMC, ANG II induces, via the ATi receptor and autocrine release of 
TGVpi, collagen type-1, FN and proteoglycans (Ford et al. 1999; Matsubara et al. 
2000; Shimizu-Hirota et al. 2001). Autocrine release of the PDGF-A chain might 
be of importance for ECM expression as well, since PDGF-A elevates expression 
of vascular proteoglycans versican and biglycan in VSMC (Schonherr et al. 
1991; Schonherr and Wight 1993). In contrast, autocrine release of FGF-2 is 
thought to be less important with respect to ECM. 

Additionally, cyclooxygenase (COX) 2 is induced by ANG II in VSMC, result- 
ing in increased synthesis of prostacyclin and prostaglandin E2 and El (Ohnaka 
et al. 2000). These eicosanoids are important modulators of VSMC proliferation 
and migration (for review see Schror and Weber 1997; Weber and Schror 1999). 
Knowledge of the role of prostaglandin derivatives on ECM synthesis and degra- 
dation in SMC is still sparse, but a few studies reported modulation of ECM ex- 
pression and degradation in SMC by eicosanoids. For example, prostaglandin 
E2 induces the expression of the HA-binding proteins and tumor necrosis factor 
stimulated protein-6, which is significant for the formation of pericellular ECM 
coats and migration (Fujimoto et al. 2002). Prostacyclin suppresses proteogly- 
can synthesis in VSMC (Koh et al. 1993), while prostaglandins El and E2 sup- 
press procollagen synthesis in VSMC (Fitzsimmons et al. 1999). In ciliary SMC, 
prostaglandins stimulated the release of MMP-1, -2, -3, and -9 (Weinreb et al. 
1997). Taken together, induction of growth factors and other mediators (i.e., cy- 
clooxygenase products) provides ANG II with a powerful mechanism to en- 
hance or extend its actions on ECM components, which would otherwise not be 
directly affected by AT-1- or AT-2-mediated signaling. 
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3.3 

Inhibition of ECM Turnover 

In whole tissues and organs, ECM degradation balances new ECM synthesis 
thereby controlling ECM accumulation and composition. A shift in this balance 
will determine the extent of vascular fibrosis, neointimal expansion and plaque 
stability. On the cellular and subcellular levels, spatial and local coordination of 
ECM degradation is required for cell migration and proliferation (reviewed in 
Stetler- Stevenson and Yu 2001). Proteolytic cleavage of ECM has been implicat- 
ed in angiogenesis, wound healing and metastasis, and in promoting VSMC mi- 
gration and proliferation (for review see Stetler- Stevenson et al. 1993). There- 
fore, it is evident that modulation of ECM degradation is an important pathway 
through which ANG II can influence cellular phenotype and ECM accumulation 
during vascular remodeling. Clinical evidence has demonstrated that serum lev- 
els of MMP-1 (collagenase 1) and MMP-9 are decreased in hypertensive patients 
(Laviades et al. 1998; Li-Saw-Hee et al. 2000). Antihypertensive treatment with 
ACE inhibitors enhanced collagen degradation, increased MMP-1 levels and de- 
creased TIMP-1 levels (Laviades et al. 1998). ACE inhibitors were effective in 
normalizing increased collagen synthesis in hypertensive patients (Diez et al. 
1995). A similar increase in collagen degradation, due to pharmacological ACE 
inhibition, has been demonstrated in SHR rats (Brilla et al. 1996). These data 
suggest that, during hypertension, the balance between collagen synthesis and 
degradation is shifted toward a fibrogenic state that may result in tissue fibrosis, 
and that RAAS is an important mediator of this shift. 

Plasmin activates many of the MMPs, like MMP-1, -8, -3, -10, -7 and -9, in 
the vascular wall (for review see Murphy and Knauper 1997). Therefore, serum- 
derived plasmin is a key activator of MMPs and ECM turnover in vasculature. 
In addition, plasmin itself participates in the degradation of fibronectin, laminin 
and proteoglycans (Kenagy et al. 2002; Mignatti and Rifkin 1993). The activators 
of plasmin, urokinase plasminogen activator (uPA) and tissue plasminogen acti- 
vator (tPA), are serine proteases capable of ECM degradation. Urokinase PA in- 
teracts with its receptor on the cell membrane of vascular cells, and catalyzes 
the activation of plasminogen at the cell membrane. In addition, uPA-uPA re- 
ceptor complexes induce intracellular signaling and modulate cell proliferation 
and migration (Dumler et al. 1999). PAI-1 is the main inhibitor of uPA-mediated 
plasmin activation, and thus inhibits fibrinolysis and MMP activation and inter- 
fers with the uPA-uPA receptor-mediated signaling. PAI-1 resides within the 
pericellular ECM, bound to vitronectin (Preissner et al. 1990). In various vascu- 
lar diseases, elevated PAI-1 levels are associated with decreased fibrinolysis and 
increased ECM accumulation: PAI-1 is elevated in atherosclerotic plaques 
(Schneiderman et al. 1992), increased in the serum of patients developing reste- 
nosis (Huber et al. 1992), and is positively correlated to the risk of myocardial 
infarction (Eriksson et al. 1995; Hamsten et al. 1985). 

Since VSMC are capable of synthesizing both the activators and inhibitors of 
ECM degradation, the coordination of ECM turnover will depend on differential 
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regulation of the various components. ANG II acts by strongly inducing PAI-I 
expression, which in turn leads to decreased activation of MMPs by plasmin. 
ANG II infusion induces rapid elevations in plasma PAI-1 concentration (Ridker 
et al. 1993). In the rat balloon injury model, PAI-1 expression is rapidly induced 
within 3 h after injury, returns to baseline at 2 days and strongly increases 
thereafter. The second induction between 2 and 7 days was abolished by ACE- 
inhibition (Hamdan et al. 1996). TGFj01 and thrombin are also strong inducers 
of PAI-1 expression. In human vascular SMC, the ATi receptor mediates PAI-1 
induction and suppression of tPA and MMP-2 secretion (Papakonstantinou et 
al. 2001; Takeda et al. 2001; van Leeuwen et al. 1994). PAI-1 induction by the 
ATi receptor is mediated via activation of the PAI-1 promotor and prolongation 
of mRNA half-life, and is dependent on EGF receptor transactivation and MEK/ 
ERK and RhoA activation (Takeda et al. 2001). Another study suggested that 
PKC and AP-1 activation are also involved (Ahn et al. 2001). In line with these 
in vitro studies, pharmacological blockade of AT-1 receptors was shown to pre- 
vent PAI-1 induction in the rat aorta, independent of lowering blood pressure 
(Nakamura et al. 2000). Thus, ANG II promotes fibrosis of the arterial wall 
through PAI-1 induction, which inhibits MMP activation, resulting in decreased 
ECM turnover. With respect to the RAAS, recent evidence suggests that aldoster- 
one promotes fibrosis as well. Aldosterone and ANG II were shown to synergis- 
tically up-regulate PAI-1 in VSMC and EC (Brown et al. 2000a). In a rat model 
of glomerulosclerosis, aldosterone antagonism decreased PAI-1 levels (Brown et 
al. 2000b). In humans, aldosterone levels correlate with PAI-1 antigen concen- 
trations (Brown et al. 1998; Sawathiparnich et al. 2002). In summary, experi- 
mental and clinical evidence suggests an inhibitory role of the RAAS in ECM 
turnover. In addition to up-regulation of ECM expression (see also Sect. 3.2, 
“Modulation of Expression”), ANG II inhibits MMP activity via PAI-1 and 
TGVpi, thereby disturbing the balance between ECM synthesis and degradation, 
eventually leading to ECM accumulation and tissue fibrosis. 



3.4 

Modulation of Focal Adhesion Signaling 

Integrin ligation by ECM molecules induces clustering of integrins and forma- 
tion of focal adhesion complexes. Subsequently, FAK and ILK become activated 
and initiate intracellular signaling cascades. Downstream of the activated focal 
adhesion complex, activation of Src, Ras, MAPKs, PI3K and small GTPases oc- 
curs (for review see Giancotti and Ruoslahti 1999). Most of these mediators of 
integrin signaling are also involved in growth factor and ANG II signaling. Re- 
cently, a number of studies showed that growth factor mediated signaling is 
strongly influenced by ECM composition and integrin signaling (Schwartz and 
Baron 1999). It can be assumed that integrins modulate, in a similar way, the re- 
sponse of VSMC to ANG II. In support of this hypothesis is the observation that 
stimulation of DNA synthesis by ANG II was more pronounced in cells plated 
on FN or collagen (Sudhir et al. 1993). Furthermore, phosphorylation levels of 
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MAPK/ERK kinase (MEK) and extracellular signal-regulated kinase (ERK), in 
response to ANG II, are strongly elevated if VSMC were plated on FN (Tamura 
et al. 2001), suggesting that integrin ligation and ANG II stimulation act syner- 
gistically on MEK and ERK activation. In human VSMC, collagen and FN sup- 
port, likely via the transcription factor egr-1 (early growth response gene 1), 
ATi receptor-mediated expression of PDGF-A , which then mediates DNA syn- 
thesis and mitosis (Ling et al. 1999). This effect was specific for FN and collagen, 
since on plastic and laminin, PDGF-A was not induced by ANG II, suggesting 
that the autocrine production of growth factors in response to ANG II is depen- 
dent on ECM as well. 

ANG Il-mediated signaling is partially dependent on Ca'^'^-sensitive trans- 
activation of epidermal growth factor receptors (EGF-R) (Eguchi et al. 1998; 
Murasawa et al. 1998; Touyz et al. 2002). Proteolytic activity of MMPs and elas- 
tases can expose new RGD-binding sites for integrins in VSMC (Jones et al. 
1997). Subsequently, P3 integrin ligation induces TN-C expression, which pro- 
motes via avP3 integrins EGF-R signaling, thereby strongly enhancing EGF-in- 
duced proliferation (Jones et al. 1997). Interestingly, TN-C is induced by ANG II 
in VSMC (Mackie et al. 1992). Thus, a positive feedback loop might exist, since 
ANG II signaling is partially dependent on EGF receptor transactivation, EGF-R 
signaling is enhanced by TN-C-induced integrin signaling and TN-C is induced 
by ANG II. 

ANG II also directly interferes with focal adhesion signaling. FAK phosphor- 
ylation and activation, as well as paxillin phosphorylation are initiated in re- 
sponse to ATi receptor activation (Leduc and Meloche 1995; Turner et al. 1995). 
These are rapid responses to ANG II and are followed by translocation of FAK 
to focal adhesions (Okuda et al. 1995; Polte et al. 1994). In addition, pl30^^^ is 
phosphorylated in response to ANG II (Sayeski et al. 1998) and serves as an 
adapter molecule providing SH3 and SH2 domains. The SH3 domain of pi 30^^^ 
mediates c-src binding , whereas the SH2 domain mediates binding of FAK. 

also recruits paxillin and tensin, thereby playing a crucial role in inte- 
grin-mediated signaling, cell adhesion and cytoskeletal organization. 

Since the ATi receptor is a GPCR, activation of intermediate kinases must oc- 
cur to mediate phosphorylation of FAK and other constituents of the focal adhe- 
sion complex, in response to ANG II. A tyrosine kinase that is likely to play an 
important role is Pyk-2, which is closely related to FAK. Upon ATi receptor 
stimulation, Pyk-2 is translocated to focal adhesions and activated. The translo- 
cation is dependent on the cytoskeleton. In response to ANG II, Pyk-2 forms a 
complex with the upstream regulators of the ERK pathway, src. She and Grb2 
(Rode et al. 2001b; Sabri et al. 1998), which leads subsequently to ERK activa- 
tion (Eguchi et al. 1999). Pyk-2 activates src, which is of importance since c-src 
stimulates bundling of actin filaments and assembly of focal adhesion in VSMC 
(Ishida et al. 1999). Effects of c-src on actin filaments involve phosphorylation 
of pl30‘^^^ paxillin and tensin, which mediates cross linking of actin filaments. 
Pyk-2 also mediates FAK-phosphorylation in response to ATi-receptor activa- 
tion, as shown by experimental down-regulation of Pyk-2 expression in VSMC 
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(Rode et al. 2001b; Rode and Lueehesi 2001a). Furthermore, the PI3-K/ 
Akt-p70S6 pathway is aetivated downstream of Pyk-2 in response to ANG 11 
(Roeie and Lueehesi 2001a). 

Integrin signaling also utilizes Pyk-2 -mediated tyrosine phosphorylation, 
leading to an assoeiation between Pyk-2 and pi 30 PI3K and paxillin, and ae- 
tivation of e-sre (Kaplan et al. 1995; Lakkakorpi et al. 1999). Litvak et al. (2000) 
demonstrated that Pyk-2 transloeates to the foeal adhesion sites after stimula- 
tion of both GPCR (histamine type 1 reeeptor) and adhesion to FN (Litvak et al. 
2000). The G protein indueed aetivation of Pyk-2 was PKC dependent and seems 
to occur in a similar fashion upon ATi receptor stimulation in VSMC (Frank et 
al. 2002). In addition, clustering of integrins and integrin-dependent Pyk-2 
translocation to focal adhesions are PKC dependent. The observation that Pyk-2 
is activated by both ATi receptors and integrins suggests that Pyk2 might be an 
important proximal point of convergence between ATi receptor- and integrin- 
induced signals. Convergence of ATi receptor and integrin signaling at the level 




Fig. 3A, B Convergence of integrin and AT] receptor signaling at focal adhesions. VSMCs form focal 
contacts with the surrounding ECM. The focal contacts are mediated by integrin ap heterodimers that 
recognize arginine-glycine-aspartate {RGD) motifs within the core proteins of ECM components (A). Cy- 
toplasmic tails of integrins recruit a multimolecular complex (focal adhesion complex) of adapter mole- 
cules and kinases that establish firm contacts with the cytoskeleton and Initiate signaling cascades that 
determine cellular phenotype. Possible interrelationships between the signaling of AT] receptors, EGF 
receptors and integrins are presented schematically (B). Emphasized is the role of Pyk-2 as a possible 
point of convergence, mediating FAK and Sre activation, EGF receptor transactivation, and initiation of 
the Ras/Raf, Jak/Stat and PI3K/Akt pathways. (FAK focal adhesion kinase; Pyk-2 prollne-rich protein ki- 
nase 2; RISK phosphatidylinositol 3-kinase) 
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of Pyk-2, and possible interrelationships between the signaling pathways of inte- 
grins and ATi receptors are depicted in Fig. 3. 

Some recent studies started to demonstrate the functional and pathophysio- 
logical significance of modulating Pyk-2 activity by integrins and ANG II. Pyk-2 
phosphorylation, in response to ANG II, is increased in VSMC derived from 
SHR compared to those from WKY (Rocic et al. 2002). Pyk-2 has been reported 
to modulate VSMC migration in response to ANG II (Blaschke et al. 2002). In 
addition, EGF-R might be a target for Pyk-2 in response to ANG II, resulting in 
transactivation of EGF-R and ERKl/2 activation (Ginnan and Singer 2002). Fur- 
thermore, it was shown that ATi receptor-mediated activation of JAK2 (janus ki- 
nase 2) is dependent on Ca'^'^, PKCd and their target kinase Pyk-2 (Frank et al. 
2002) in VSMC. 

Taken together, ANG II interferes with FA signaling by initiating the recruit- 
ment, phosphorylation and activation of several key molecules of the focal ad- 
hesion complex, among them FAK, Paxillin, tensin, c-src, pi 30 cas and Pyk-2. 
All these molecules are critically involved in integrin signaling. Activation of 
Pyk-2 might be of particular importance as a point of convergence, as it is di- 
rectly activated in response to ATi receptors and after integrin ligation. Down- 
stream of Pyk-2 are the Pl-3 kinase/ Akt pathways, the ERK/MAPK pathways, 
and possibly the JAK/STAT pathway, which regulate VSMC proliferation, migra- 
tion and protein synthesis. 

4 

Summary and Conclusion 

Angiotensin II increases the expression of a variety of ECM molecules, either di- 
rectly or via the autocrine release of growth factors, inhibits proteolytic removal 
of ECM, and directly interferes with the signaling of focal adhesions. These ac- 
tions provide ANG II with a repertoire of pathways that will lead to changes in 
ECM composition and subsequently to long-term structural and mechanical al- 
terations of the vessel wall. VSMC within the altered ECM will be subjected to 
changes in integrin signaling, leading to phenotypic modulation, and the re- 
sponsiveness to other stimuli such as growth factors and ligands of GPCRs. The 
remarkable success of pharmacological modulation of the RAAS is without 
doubt not only due to the acute effects on hemodynamic parameters, but also to 
the inhibition of detrimental changes in ECM composition, cellular phenotype 
and vessel structure. The pharmacological interference with the RAAS is there- 
fore also an example of successful therapeutic ECM modulation and should en- 
courage further research on targeted modulation of vascular ECM. 
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Abstract Angiotensin II induces vasoconstriction, endothelial dysfunction, vas- 
cular inflammation and structural changes that are associated with cell prolifer- 
ation and hypertrophy as well as fibrosis of the media of vessels. Similar chang- 
es occur in experimental and human hypertension. Large and small arteries are 
remodeled in hypertension, and their structure, function and mechanics are al- 
tered. These changes participate in the mechanisms of elevation of blood pres- 
sure and in the pathophysiology of its complications. For this reason it has been 
thought that renin-angiotensin blockade with either angiotensin-converting en- 
zyme (ACE) inhibitors or angiotensin receptor blockers could prevent or regress 
toward normal the vascular changes present in experimental or human hyper- 
tension. Changes found in small resistance arteries may be the first manifesta- 
tion of target organ damage in hypertensive patients. Endothelial dysfunction is 
often found in vessels from experimental animals and in many patients with ele- 
vated blood pressure. Interruption of the renin-angiotensin system may correct 
many of these abnormalities. Both ACE inhibitors and angiotensin ATi receptor 
blockers have been shown to improve vascular structure and endothelial dys- 
function in experimental hypertension and in human essential hypertension. In 
patients, whereas renin-angiotensin blockade corrected vascular changes, the 
same level of blood pressure lowering with a beta-blocker failed to favorably im- 
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pact the vasculature. Improved outcomes in clinical trials using ACE inhibitors 
and angiotensin ATi receptor antagonists may be a consequence in part of the 
vascular protective effects offered by these agents. 

Keywords Converting enzyme inhibitors • ATi receptor antagonists • 
Endothelium • Resistance arteries • Remodeling 

1 

Introduction 

Previous chapters have detailed the effects of angiotensin II on smooth muscle 
contraction, generation of oxidative stress, endothelial dysfunction, inflamma- 
tion, growth and proliferation. We have recently reviewed the cellular mecha- 
nisms that at the level of smooth muscle cells lead to the pathophysiological 
consequences that angiotensin II has on blood vessels (Touyz and Schiffrin 
2000). Angiotensin II will not only induce vasoconstriction, but also activation 
of growth pathways, stimulation of production of reactive oxygen species, of 
mediators of inflammation (NFkappaB, AP-1) that increase the expression of cy- 
tokines, chemokines and adhesion molecules and lead to vascular damage asso- 
ciated with angiotensin II infusion. Many of these changes in blood vessels 
found in response to angiotensin II are similar to the remodeling documented 
in experimental animals and in humans with high blood pressure. 

Large conduit arteries in hypertensive experimental animals exhibit in- 
creased lumen diameter and a thickened wall, with fibrosis of the media and en- 
hanced stiffness of the wall (Laurent 1995; Safar et al. 1996). In addition, endo- 
thelial function of large arteries has been shown to be impaired in different 
models of experimental hypertension (Lockette et al. 1986, Liischer et al. 1986). 
The structure and function of small arteries of the mesenteric circulation, the 
heart and the kidney (Deng and Schiffrin 1992; Li and Schiffrin 1995; Li et al. 
1996; Thybo et al. 1994), and in the brain of spontaneously hypertensive rats 
(SHRs) (Baumbach and Heistad 1989; Thybo et al. 1994) present structural ab- 
normalities with some similarity to those induced by angiotensin II infusion in 
rats (Griffin et al. 1991) and also resemble those described in gluteal subcutane- 
ous small arteries of hypertensive humans (Aalkjaer et al. 1987; Heagerty et al. 
1993; Korsgaard et al. 1993; Park and Schiffrin 2001; Schiffrin 1992; Schiffrin 
and Deng 1999; Schiffrin et al. 1993). Indeed, the first manifestation of target or- 
gan damage present in mild hypertension in humans before development of car- 
diac hypertrophy, increased carotid intima-media thickness or microalbumin- 
uria and nephroangiosclerosis is the remodeling of small arteries, demonstrated 
by biopsy studies of subcutaneous vessels (Park and Schiffrin 2001). Resistance 
arteries play a critical role in determining peripheral resistance (Christensen 
and Mulvany 1993; Folkow 1995; Mulvany and Aalkjaer 1990), but may also par- 
ticipate in triggering complications of high blood pressure such as stroke and 
nephroangiosclerosis, and, increasingly recognized, also in myocardial ischemia 
(Brush et al. 1988; Hasdai D et al. 1997; Kinlay et al. 1998). Whereas large arte- 
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ries in hypertension present two types of changes [atherosclerosis, a disease of 
the intima triggered by inflammation and endothelial dysfunction and associat- 
ed with dyslipidemia, and arteriosclerosis, that is, thickening of the vessel wall 
with fibrosis of the media, and increased lumen diameter (outward hypertro- 
phic remodeling)], small arteries of hypertensive patients exhibit a reduction in 
the lumen and external diameter, normal or increased media thickness and in- 
creased media-to-lumen ratio but normal media cross-section (or volume of the 
media per unit length) (Heagerty et al. 1993; Korsgaard et al. 1993; Park and 
Schiffrin 2001; Schiffrin 1992; Schiffrin and Deng 1999; Schiffrin et al. 1993). 
The latter is what has recently been defined as “inward eutrophic remodeling” 
(Mulvany et al. 1996). These vessels have the same number of smooth muscle 
cells and little evidence of cell hypertrophy (Korsgaard et al. 1993), although 
some studies in experimental animals have reported either hyperplasia or cell 
hypertrophy or both. In humans, cells are restructured around a smaller vessel 
lumen. It is unknown how this rearrangement occurs. It is possible that apopto- 
sis offsets growth to result in eutrophic remodeling. Indeed, angiotensin Il-in- 
duced growth may be associated with secondarily enhanced apoptotic rates in 
the muscular media (Diep et al. 1999). Another mechanism may be chronic va- 
soconstriction, recently shown experimentally to induce inward eutrophic re- 
modeling (Bakker et al. 2002). Angiotensin II and other vasoconstrictors act via 
a complex array of signaling mechanisms inside the cell, including MAP kinases 
and others, to elicit the constrictor, growth, motility and inflammatory changes 
that may contribute to remodeling (Touyz and Schiffrin 2000). Eutrophic re- 
modeling found in resistance arteries may also result in part from changes in 
cell adhesion molecules (Intengan and Schiffrin 2000, 2001; Intengan et al. 
1999a) or extracellular matrix deposition or the spatial arrangement of fibrillar 
material. We have recently shown in both spontaneously hypertensive rats 
(SHRs) (Intengan et al. 1999a; Sharifi et al. 1998) and in human resistance arte- 
ries from hypertensive patients (Intengan et al. 1999b) that collagen deposition 
is enhanced, and we believe that this is a fundamental aspect of vascular remod- 
eling associated with hypertension, with reorganization of extracellular fibrillar 
elements, or changes in expression or topographic distribution of cell adhesion 
molecules, resulting in changes in cell- extracellular matrix attachment. Interest- 
ingly, collagen production by smooth muscle cells is stimulated by angiotensin 
II acting on ATi receptors, which generates the hope that it may be possible to 
prevent or regress vascular fibrosis with renin-angiotensin blockade, as has 
been recently demonstrated both in vivo in experimental animals and in vitro 
on smooth muscle cells in culture (Intengan et al. 1999a; Schiffrin et al. 1998; 
Sharifi et al. 1998; Touyz et al. 2001; Vacher et al. 1995). In secondary forms of 
hypertension (Rizzoni et al. 1996, 2000) and perhaps in essential hypertension 
as blood pressure elevation becomes more severe, eutrophic remodeling may be 
replaced by hypertrophic remodeling, with increased media cross-sectional 
area, although this transition has not been demonstrated. On the other hand, in 
angiotensin Il-infused rats and in SHRs, some measure of hypertrophic remod- 
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ding as a consequence of activation of growth pathways may be found (Deng 
and Schiffrin 1992; Diep et al. 2000; Griffin et al. 1991). 

Similarly to what occurs in response to angiotensin II infusion into experi- 
mental animals (Rajagopalan et al. 1996), the function of small blood vessels is 
also altered in hypertensive patients. The media stress developed in response to 
angiotensin II is increased or sometimes normal, whereas responses to most 
vasoconstrictors are reduced (Aalkjaer et al. 1987; Schiffrin et al. 1992, 1993). 
Interestingly, under some experimental conditions, if a state of mild hyperaldos- 
teronism is induced by angiotensin II infusion, angiotensin II binding is en- 
hanced rather than down-regulated (Schiffrin et al. 1984, 1985). This effect ap- 
pears to be the result of mineralocorticoid action (Schiffrin et al. 1984, 1985; 
Ullian et al. 1992, 1996) and could be a mechanism for augmented vascular re- 
sponsiveness to angiotensin II in hypertension. The structural abnormalities of 
resistance arteries, however, also contribute to enhance vasoconstrictor re- 
sponses (Folkow 1982), participating in the mechanisms that lead to an elevated 
vascular tone in hypertension. 

Endothelial function is impaired in hypertension: vasodilatory responses to 
acetylcholine in precontracted vessels are blunted both in hypertensive animals 
(Lockette et al. 1986; Liischer et al. 1986) and humans (Deng et al. 1995; Panza 
et al. 1990), although normal responses have been reported in some studies 
(Cockroft et al. 1994). In our own studies, 40% of mild hypertensive patients 
may present impaired response to acetylcholine (Park and Schiffrin 2001). En- 
dothelial dysfunction may be due to deficient generation of nitric oxide or in- 
creased degradation of nitric oxide, the latter perhaps a consequence of en- 
hanced oxidative stress in the vascular wall (Tschudi et al. 1996), which can 
be induced by angiotensin II through stimulation of NADPH oxidase (Cai and 
Harrison 2000; Rajagopalan et al. 1996). Alterations in generation of endotheli- 
um-derived hyperpolarizing factors (EDHFs) has also been blamed for abnor- 
mal endothelial responses to acetylcholine in hypertension (Taddei et al. 2001). 
In some experimental animals, endothelium-dependent relaxation is blunted be- 
cause acetylcholine induces contractions via generation of a cyclooxygenase- 
derived endothelium-dependent contracting factor or EDCF (Deng et al. 1995; 
Diedrich et al. 1990). The agent involved may be an endoperoxide or other cy- 
clooxygenase-derived products. Another endothelium-derived vasoconstrictor 
that potentially plays an important role in abnormal endothelial function, and 
in elevated blood pressure and its consequences is endothelin-1 (Schiffrin 
1999). Angiotensin II has been shown to induce the expression of endothelin 
in experimental animals (Rajagopalan et al. 1997) and could be involved in the 
enhanced production of endothelin by small arteries, which has been shown to 
occur in moderate to severe hypertension (Schiffrin et al. 1997). 
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2 

Effect of Renin-Angiotensin Blockade on the Vasculature 
of Experimental Animals 



2.1 

ACE Inhibitors 

Treatment of SHRs with various ACE inhibitors (Deng and Schiffrin 1993; Dohi 
et al. 1994; Harrap et al. 1990; Li and Schiffrin 1996; Rizzoni et al. 1995, 1998; 
Sharifi et al. 1998; Thybo et al. 1994) has been shown to improve impaired endo- 
thelial function and result in regression of vascular remodeling, including the 
deposition of excess collagen (Intengan et al. 1999a; Schiffrin et al. 1998; Sharifi 
et al. 1998). Effects of ACE inhibitors may be the result of inhibition of angio- 
tensin 11 generation or of accumulation of bradykinin, both of which could also 
beneficially influence endothelial function (angiotensin 11 reduction by attenua- 
tion of oxidative stress and decreased scavenging of nitric oxide, bradykinin via 
stimulation of nitric oxide synthase). 



2.2 

Angiotensin Receptor Blockers 

SHRs treated with angiotensin II receptor antagonists (Ledingham et al. 2000; Li 
et al. 1997; Rizzoni et al. 1998; Shaw et al. 1995) were demonstrated to exhibit 
correction of abnormal endothelial function and regression of vascular remod- 
eling and the excess collagen deposition in the media of blood vessels (Schiffrin 
et al. 1998). Angiotensin receptor antagonists such as losartan, irbesartan, val- 
sartan or others probably act mostly via blockade of angiotensin Il-induced re- 
modeling, which is mediated in large measure by increased production of reac- 
tive oxygen species (Touyz et al. 2002). As well, the absence of blockade of AT 2 
receptors stimulated by the elevated angiotensin II concentrations found under 
treatment with ATi antagonists may stimulate nitric oxide production, which 
has anti-growth and pro-apoptotic effects, and also would correct the nitric ox- 
ide deficiency. The effect of angiotensin II on nitric oxide may involve stimula- 
tion of bradykinin via AT 2 receptors, which in turn would stimulate nitric oxide 
synthase activity (Gohlke et al. 1998). 

3 

Effects of Renin-Angiotensin Blockade on the Vasculature 
in Essential Human Hypertension 



3.1 

ACE Inhibitors 



We have studied the effects of antihypertensive treatment on blood vessels of 
hypertensive patients by performing biopsies of gluteal subcutaneous tissue and 
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Fig. 1 Diagram demonstrating the structure of small (resistance) arteries of hypertensive patients as 
demonstrated by the media-to-lumen ratio and the eutrophic remodeling present of gluteal subcutane- 
ous small arteries from hypertensive patients. Improvement of media-to-lumen ratio of small arteries 
was observed in patients treated with the ACE Inhibitors cilazapril for 1 (Schiffrin et al. 1994) or 2 years 
(Schiffrin et al. 1995), perindopril for 1 year (Thybo et al. 1995), or lisinopril for 3 years (Rizzoni et al. 
1997), or with the angiotensin receptor blocker losartan (Schiffrin et al. 2000) or Irbesartan (Schiffrin et 
al. 2002). In contrast, patients treated with the beta-blocker atenolol for 1 (Schiffrin et al. 2000, 2002; 
Thybo et al. 1995) or 2 years (Schiffrin and Deng 1995) experienced no improvement. Similar Improve- 
ment was noted on endothelial dysfunction with the ACE inhibitors (Rizzoni et al. 1997; Schiffrin and 
Deng 1995; Schiffrin et al. 1994) or with the angiotensin receptor blockers (Schiffrin et al. 2000, 2002; 
GhiadonI et al. 2000) but not with the beta-blocker 



dissecting out small arteries that were then mounted on a myograph and inves- 
tigated (Deng and Schiffrin 1999; Deng et al. 1995; Mulvany et al. 1996; Park and 
Schiffrin 2001; Schiffrin and Deng 1999; Schiffrin et al. 1992, 1993). We first 
showed that the angiotensin-converting enzyme inhibitor cilazapril corrected 
the structure of these small arteries dissected from gluteal subcutaneous biop- 
sies in hypertensive patients (Fig. 1), whereas the beta-blocker atenolol had no 
effect despite identical blood pressure lowering (Schiffrin et al. 1994, 1995). As- 
sociated with the regression of vascular remodeling, we were able to report as 
well improved endothelial function (Schiffrin and Deng 1995; Schiffrin et al. 
1994). The angiotensin-converting enzyme inhibitor perindopril compared to 
atenolol in a 1-year trial later showed identical results on vascular structure of 
small arteries from hypertensive patients (Thybo et al. 1995). Another study ex- 
amined the effect of the ACE inhibitor lisinopril on hypertensive patients with 
left ventricular hypertrophy (Rizzoni et al. 1997). Vessels from hypertensive pa- 
tients were compared at the end of the 3 years of treatment to those of a differ- 
ent group of untreated hypertensive subjects. Improved structure and endotheli- 
al function of resistance arteries were demonstrated. 
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3.2 

Angiotensin Receptor Blockers 

More recently we evaluated the effects of the ATi receptor antagonist losartan 
(Fig. 1) compared to atenolol (Schiffrin et al. 2000). Treatment for 1 year with 
losartan resulted in correction of small artery structure and endothelial dys- 
function in the losartan-treated patients, whereas there was no change in the at- 
enolol-treated group, even though blood pressure control was identical. A de- 
crease in the stiffness of wall components of small arteries could also be demon- 
strated in the losartan-treated group of patients, but was not found in the pa- 
tients treated with atenolol (Park et al. 2000). In our and other studies (Schiffrin 
and Deng 1996; Schiffrin et al. 1994,1995,1996), patients on atenolol have never 
derived vascular benefits from treatment with the beta-blocker atenolol. Thus, 
since beta-blockade and renin-angiotensin blockade induced the same blood 
pressure lowering in hypertensive subjects, the effects of either angiotensin re- 
ceptor blockers or ACE inhibitors appear quite selective, and beta-blockers a 
good negative control. Although patients in these studies were randomly as- 
signed to treatment with the beta-blocker, we speculated that it could be possi- 
ble that, since groups in each study were small, this could have resulted in some 
assignment bias. For this reason, we conducted a study in which we switched 
patients who had been in the course of other studies randomly assigned to 
be part of an atenolol group, to the angiotensin receptor blocker irbesartan 
(Schiffrin et al. 2002). Patients were treated for 1 year and blood pressure was 
reduced in this group to the same level as that achieved under atenolol. In this 
study, patients who exhibited altered structure of small arteries despite good 
blood pressure control for 1 year under atenolol had improved structure after 
1 year of treatment with irbesartan. Maximal acetylcholine-induced endotheli- 
um-dependent relaxation was impaired when patients were on atenolol and was 
unchanged from before starting treatment, whereas it was normalized by irbe- 
sartan. Thus, while beta-blocker treatment did not correct the vascular structure 
or endothelial dysfunction in these hypertensive patients, switching the patients 
to treatment with irbesartan with identical control of blood pressure resulted in 
normalization of structure of blood vessels and endothelial function. Another 
study reported that hypertensive patients treated with irbesartan for 2 months 
exhibited improved distensibility of the carotid and reduced cross-sectional area 
of the radial artery (Benetos et al. 2000), which can be presumed to be favorable 
effects on these larger vessels, one a conduit artery, the other a large muscular 
artery. The angiotensin receptor blocker candesartan was shown to improve 
bradykinin-induced dilatation of the forearm circulation of hypertensive pa- 
tients, which suggests that altered EDHF production was corrected by candesar- 
tan in this particular study (Ghiadoni et al. 2000). 
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4 

Pathophysiological Relevance of Evidence Obtained with ACE Inhibitors 
and Angiotensin Receptor Blockers in Hypertensive Humans 

It is important to determine whether the effects of ACE inhibitors and angioten- 
sin receptor blockers reported above have a pathophysiological impact and alter 
the natural course of the disease. In favor of pathophysiological relevance of the 
results just reviewed are the following: (a) changes demonstrated on gluteal sub- 
cutaneous small arteries in hypertensive humans are similar to those in hyper- 
tensive rat vessels from more physiologically important vascular beds (coronary, 
renal and cerebral small arteries) (Intengan and Schiffrin 2000, 2001); (b) treat- 
ment with the angiotensin-converting enzyme inhibitors enalapril (Motz and 
Strauer 1996) and perindopril improved coronary reserve (Schwartzkopff et al. 
2000), and perindopril also decreased pericoronary fibrosis in small vessels in 
the heart, as demonstrated by endomyocardial biopsy (Schwartzkopff et al. 
2000); (c) there is a reasonably good correlation between endothelial function of 
small arteries obtained from gluteal subcutaneous biopsies and brachial artery 
flow-mediated dilatation, which is an endothelium-dependent response (Park et 
al. 2001). Brachial artery flow-mediated dilatation correlates with coronary va- 
somotion (Anderson et al. 1995), and endothelial dysfunction of the coronary 
vasculature has been shown to be predictive of cardiovascular events (Heitzer T 
et al. 2001; Schachinger et al. 1999), which underscores the relevance of findings 
using the gluteal subcutaneous small artery model in humans. 

5 

Conclusion 

The data reviewed demonstrates that regression toward normal of the structural 
and functional changes present in small arteries of hypertensive humans can be 
achieved using agents that interrupt the renin-angiotensin system. For equal de- 
gree of blood pressure lowering, drugs that normalize the altered structure and 
endothelial dysfunction of small arteries, such as ACE inhibitors or angiotensin 
receptor blockers, may improve outcomes in hypertension to a greater degree 
than agents that do not, such as beta blockers. A recent systematic review of ef- 
fects of beta-blockers in hypertensive patients aged more than 60 years has 
demonstrated that in ten trials (involving 16,164 patients), diuretic therapy was 
superior to /^-blockade with regard to all endpoints (Messerli et al. 1998). Beta- 
blocker therapy was ineffective in preventing coronary heart disease, cardiovas- 
cular mortality, and all-cause mortality, although it did reduce the odds for ce- 
rebrovascular events. We speculate that the absence of benefit demonstrated 
may result from the fact that beta-blockers do not provide vascular protection, 
as our studies and those of other investigators have demonstrated (Schiffrin et 
al. 1994, 1995, 1996, 2000, 2002; Thybo et al. 1995). In the Captopril Prevention 
Project (Hansson et al. 1999a), cardiovascular mortality was lower with capto- 
pril than with conventional therapy, but the rate of fatal and nonfatal infarction 
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was similar. However, fatal and nonfatal strokes were more common with capto- 
pril, which may have resulted from the fact that patients allocated to captopril 
had higher blood pressure before and during the study. STOP-2 (Hansson et al. 
1999b; Lindholm et al. 2000) and HOPE (The Heart Outcomes Prevention Evalu- 
ation Investigators 2000) using ACE inhibitors, and the recent publication of the 
LIFE study (Dalhof et al. 2002; Lindholm et al. 2002) as well as several trials with 
diabetic renal patients (Brenner et al. 2001; Lewis et al. 2001; Viberti et al. 2002) 
using angiotensin receptor blockers, suggest that blockade of the renin-angio- 
tensin system may offer cardiovascular and renal protection beyond blood pres- 
sure control. Whether benefits beyond blood pressure lowering found in some 
of these trials depend in part on the vascular protective actions of agents that 
interrupt the renin-angiotensin system, however, has yet to be conclusively 
demonstrated. Nevertheless, it does appear that blockade of the renin-angioten- 
sin system may indeed have beneficial effects beyond blood pressure reduction 
that could depend to a large extent on the vascular protective action of these 
agents. 
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Abstract The renin-angiotensin system (RAS) was initially identified as a circu- 
lating humoral system with the effector peptide, angiotensin II (ANG II). The 
existence of a brain RAS as one of the various tissue RASs is fully established. 
ANG-containing pathways within brain areas are involved in central blood pres- 
sure regulation, pituitary hormone release and in the maintenance of body fluid 
homeostasis. In addition, ANG II and its main biologically active degradative 
product ANG III play a pivotal role in drinking behavior, osmo- and thermoreg- 
ulation and natriuresis. Systemic stimuli that may activate central angiotensin- 
ergic pathways include plasma hypertonicity and circulating hormones such as 
ANG II. In this chapter, the specific sites where ANG II/III is acting within poly- 
synaptic neural pathways mediating homeostatic functions are reviewed. 

Keywords Brain ANG pathways • Blood pressure • Body fluid homeostasis • 
Drinking behavior • AVP • Natriuresis • Osmoregulation 



The renin-angiotensin system (RAS) was initially identified as a circulating hu- 
moral system with the effector peptide, angiotensin II (ANG II), generated by 
an enzymatic cascade. Angiotensinogen, which is synthesized in the liver, is 
cleaved by renin, a product of the juxtaglomerular cells of the kidney, to form 
ANG I, which in turn is cleaved by angiotensin-converting enzyme (ACE) to 
form ANG II. Apart from the production of ANG II in plasma and peripheral 
organs such as kidney, adrenal gland, vasculature, heart and ovaries, all compo- 
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nents of RAS have also been described in the brain (Ganten et al. 1984; Saavedra 
1992). 

Central ANG II interacts with the autonomic control of the cardiovascular sys- 
tem to influence blood pressure, regulates body fluid homeostasis, modulates 
neuroendocrine systems and possibly interacts with cognitive functions (Phillips 
1987; Unger et al. 1988; Wright and Harding 1992). The classic actions of ANG II 
are mediated through the ATi receptor, whereas the AT 2 receptor can offset or 
counteract some of the effects mediated by the ATi receptor, e.g., cell prolifera- 
tion, water intake and blood pressure (Lucius et al. 1999; Unger 1999). Mostly, 
central ANG Il-induced effects are similar to those of the systemic peptide on 
peripheral target organs. Systemic ANG II affects the brain functions through 
ATi receptors located in the circumventricular organs devoid of blood-brain 
barrier (BBB) and neuronally derived ANG II acts at many sites in the CNS locat- 
ed behind the BBB (Bunnemann et al. 1993; McKinley et al. 2001; Song et al. 
1991). 

1 

Angiotensin Pathways and Central Cardiovascular Regulation 

Blood pressure increases when ANG II is given i.v. or injected into the lateral 
brain ventricle. This response involves activation of the sympathetic nervous 
system (SNS), release of arginine vasopressin (AVP) and inhibition of the baro- 
receptor reflex (BRR) (Unger et al. 1983, 1985). The activation of SNS occurs via 
fibers from the hypothalamic paraventricular nucleus (PVN) to the ventrolateral 
medullary sympathetic nuclei in the brainstem. These nuclei project through 
the spinal cord to the intermediate lateral nucleus, and from there via the sym- 
pathetic chain to terminate on blood vessels. AVP is a strong vasoconstrictory 
neurohormone. It is synthesized in the hypothalamic PVN and supraoptic nu- 
cleus (SON) and stored in the neurohypophysis. Its release from the neurohypo- 
physis is stimulated by the activation of ATi receptors. BRR inhibition is ob- 
tained when brain ANG II acts on the first synapse of the vagus in the nucleus 
tractus solitarii (NTS) in the brainstem (Casto and Phillips 1985). 



1.1 

Activation of Sympathetic Nervous System and Inhibition of Baroreceptor Reflex 

The regulation of arterial blood pressure and heart rate is the result and out- 
come of feedback or compensatory control systems that operate over short and 
extended timeframes. The BRR is a relatively high-gain control system that pro- 
vides for the regulation of arterial blood pressure over a timeframe of seconds 
to minutes (short-term mechanisms in arterial blood pressure regulation). The 
rapidity of this regulatory system is afforded by feedback loops operating 
through the autonomic nervous system. On the other hand, arterial blood pres- 
sure is also under the influence of neurohormones and sympathetic activity, for 
example, salt and water balance, which are regulated by the RAS from the kid- 
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ney. The effectiveness of this regulatory system occurs over periods of hours 
and days (long-term mechanisms in arterial blood pressure regulation) (Averill 
and Diz 2000; Dampney et al. 2002). 

The medulla oblongata contains neuronal circuits such as the BRR arc capa- 
ble of generating vasomotor sympathetic and cardiovascular tone, which play 
an important role in the short-term regulation of arterial blood pressure. The 
arterial baroreceptors are located in the walls of the carotid sinus and aortic 
arch. Their adequate stimulus is stretch. Studies in conscious animals using 
the method of immediate early gene expression in combination with neuro- 
chemical tracing and immunohistochemistry, the central pathways and neuro- 
transmitters that subserve the BRR arc, are investigated (Horiuchi et al. 1999; Li 
and Dampney 1994). The BRR arc in the medulla oblongata is composed of the 
following sequential arrangements of components. Peripheral afferent fibers 
arising from arterial and atrial/ventricular baroreceptors make their initial syn- 
apse upon the first-order neurons of the nucleus of the solitary tract (NTS). 
NTS neurons may have axonal projections to vagal preganglionic neurons in the 
nucleus ambiguus (Amb) and/or dorsal motor nucleus of the vagus. NTS also 
innervates GABAergic neurons in the caudal ventrolateral medulla (CVLM), also 
termed the depressor region of the ventrolateral medulla (VLM), since L-gluta- 
mate injected into this nucleus lowered blood pressure. CVLM, in turns, inner- 
vates neurons in the rostral ventrolateral medulla (RVLM), which sends axonal 
projections to the sympathetic thoracic segment of the spinal cord. RVLM is 
termed the rostral pressor region of the VLM, since L-glutamate given into this 
nucleus increases blood pressure and sympathetic nerve activity. 

The presence of ATi receptors within the NTS and throughout the vagal 
sensory and motor systems has been shown by many authors (Diz et al. 1987; 
Lenkei et al. 1997, 1998; Lewis et al. 1986). In addition to the anatomical evi- 
dence, electrophysiological and pharmacological studies support the concept of 
functional ANG II receptors in the NTS (Andresen and Mendelowitz 1996; Aver- 
ill et al. 1987; Barnes et al. 1993; Casto and Phillips 1986; Rettig et al. 1986). En- 
dogenous (Campagnole-Santos et al. 1988; Matsumura et al. 1998) or exoge- 
nously (Casto and Phillips 1986; Michelini and Bonagamba 1998) administered 
ANG II at the level of the NTS inhibits the baroreceptor control of heart rate. A 
low dose of ANG II and ANG (1-7) microinjected into the NTS elicited depres- 
sor and bradycardic responses in rats (Campagnole-Santos et al. 1989; Diz et al. 
1984; Rettig et al. 1986). The hypotensive and bradycardic responses were the 
combined effects of sympathetic inhibition and parasympathetic stimulation. 
On the contrary, high doses of ANG II evoked pressor and tachycardic responses 
(Casto and Phillips 1984; Mosqueda-Garcia et al. 1990; Rettig et al. 1986). These 
effects of ANG II were mediated via the ATi receptor subtype found in the NTS 
(Fow et al. 1994). Thus, it appears that ANG II and its metabolite ANG (1-7) 
mimic baroreceptor afferent stimulation of the NTS. 

The neurons within the CVLM and RVLM are an important switchboard of 
the BRR arc. The presympathetic neurons in the RVLM play a pivotal role in the 
tonic and reflex control of sympathetic vasomotor activity and thus resting arte- 
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rial pressure. Topical application of ANG II to the RVLM increased blood pres- 
sure and this effect was prevented by prior application of the ANG II antagonist, 
SarThran (Andreatta et al. 1988). Subsequent studies showed that microinjec- 
tion of ANG II into the RVLM increased sympathetic nerve activity and arterial 
pressure and these effects were blocked by the broad-acting ANG II analog an- 
tagonists, SarThran and Sar\lle^-ANG II (Chan et al. 1991, 1994). Later studies 
have shown that pressor and sympatho excitatory effects of exogenously applied 
ANG II were blocked by the ATi receptor selective antagonist losartan (Averill et 
al. 1994). Although experiments employing exogenous administration of ANG II 
or angiotensin peptides in the RVLM have been valuable in determining the 
possible effect of peptides and the receptors at which angiotensin peptides may 
act, the most interesting and valuable data come from studies where the involve- 
ment of endogenous angiotensin peptides within the RVLM have been studied. 
This has been achieved by microinjecting the broad-acting (SarThran) and later 
the specific angiotensin receptor antagonist (losartan). In the early studies, uni- 
lateral as well as bilateral microinjection of SarThran in the RVLM reduced 
baseline blood pressure and sympathetic nerve activity (Muratani et al. 1993; 
Sasaki and Dampney 1990). These initial data provide evidence for the concept 
that ANG II found endogenously in the RVLM may be important in determining 
the activity of vasomotor neurons, and hence the amount of vasomotor outflow 
responsible for maintaining a normal or basal blood pressure. Attempts to de- 
fine the specific angiotensin receptor subtypes responsible for the tonic excita- 
tion of RVLM vasomotor neurons have led to some unexpected findings. It has 
been reported that blockade of either ATi or AT 2 receptors in the RVLM does 
not reduce baseline blood pressure or sympathetic nerve activity (Fontes et al. 
1997; Hirooka et al. 1997; Lin et al. 1997). Thus, it seems that endogenous ANG 
II may also act at non-ATi and non-AT 2 receptors to stimulate vasomotor neu- 
rons. Several authors have suggested that the naturally occurring angiotensin 
peptide responsible for the tonic activation of sympathoexcitatory RVLM neu- 
rons may be other than ANG II, for example it may be ANG I (Lima et al. 1996), 
ANG (1-7) (Fontes et al. 1994; Lima et al. 1996) or ANG (3-8) (ANG IV) (Sved 
and Ito 1999). To date, it is uncertain which of the naturally occurring angioten- 
sin peptides are involved in the sympathoexcitatory action of neurons in the 
RVLM. 

Although the neurons in the CVLM play a key role in the maintenance of 
blood pressure, modest attention has been paid to it as an important site of an 
action for angiotensin peptides. Microinjection of ANG II or ANG (1-7) into the 
CVLM caused dose-dependent decreases in blood pressure and sympathetic 
nerve activity (Muratani et al. 1991; Sasaki and Dampney 1990; Silva et al. 
1993), whereas SarThran increased blood pressure and renal sympathetic nerve 
activity (Muratani et al. 1993; Sesoko et al. 1995). These data suggest that either 
ANG II or ANG (1-7) found endogenously in the CVLM stimulates CVLM neu- 
rons, which inhibit vasomotor neurons of the RVLM, since inhibition of the 
RVLM abolished the pressor response evoked by the blockade of ANG II recep- 
tors in the CVLM (Muratani et al. 1993). Nevertheless, these findings provide 
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strong evidence for the notion that tonic stimulation of angiotensin receptors 
on CVLM neurons contributes to the inhibitory influence of these neurons upon 
presynaptic neurons of the RVLM. 

Another short-term feedback regulation of the cardiovascular system is the 
chemoreceptor reflex. The chemoreceptors are stimulated primarily by a de- 
crease in the oxygen partial pressure of arterial blood. Their stimulation reflexly 
evokes both an increase in ventilation (increases oxygen uptake) and sympa- 
thetically mediated vasoconstriction (reduces oxygen consumption) in most 
vascular beds, excluding the heart and brain (Dampney et al. 2002). Like barore- 
ceptor primary afferent fibers, chemoreceptor primary afferent fibers terminate 
in the NTS. However, in contrast to the baroreceptor reflex pathways, chemore- 
ceptor signals are transmitted to the RVLM presympathetic neurons via a direct 
excitatory glutamatergic synapse (Guyenet and Koshiya 1995). Whether ANG II 
is involved in this pathway has to be clarified. 

Acute emotional and threatening stimuli can also elicit a marked cardiovascu- 
lar response. The defense or alerting response (acute stress) is characterized by 
an increase in arterial pressure, heart rate and skeletal muscle blood flow, accom- 
panied by vasoconstriction in the splanchnic, renal and cutaneous vascular beds 
(Hilton 1975). This response is appropriate for a living being that may need to 
defend itself from a threatening situation. Such a response can be regarded as a 
part of “feed-forward” and not a part of “feed-back” regulatory mechanisms 
(Hilton 1975). After a long time spent in search of the so called defense area, re- 
cently the dorsomedial hypothalamic nucleus (DMH) has been characterized 
and identified as the brain region that plays a key role in integrating the cardio- 
vascular response to acute stress. Activation of DMH neurons, by local injection 
of either an excitatory amino acid or GABA receptor antagonists, resulted in a 
cardiovascular response that is similar to the defense or alerting reaction. In ad- 
dition, the neuroendocrine, gastrointestinal and behavioral changes were also 
similar to those evoked by an acute emotional stress (DiMicco et al. 1996). Re- 
cently it has been shown that the vasomotor and cardiac responses evoked from 
the DMH are mediated by descending pathways that are dependent and indepen- 
dent, respectively, of synaptic transmission within the RVLM (Fontes et al. 2001). 
There are major inputs to the NTS from many supramedullary nuclei, including 
those that play an important role in mediating cardiovascular responses to acute 
stress. It has been shown that neurons in the DMH project directly to the NTS 
and a high proportion of these have collateralized projections also to the RVLM 
(Fontes et al. 2001). In addition, electrical stimulation of the hypothalamic de- 
fense area modulates the BRR (Spyer 1994). 

It seems that the NTS is the initial information-receiving center from the pe- 
riphery and brain submedullary centers in the stress pathway. There are major 
inputs to the NTS from many supramedullary nuclei, including those that are 
believed to play important roles in mediating cardiovascular responses to acute 
stress (short-term feed-forward regulation). The cardiovascular changes that re- 
sult from the stimulation of baroreceptors or chemoreceptors (short-term feed- 
back regulation) and occur after acute or emotional stress such as body exer- 
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cise, defense reactions such as fight or flee, or air jet stress (short-term feed-for- 
ward regulation) are regulated by the same BRR pathway and may be under the 
control of the same neuropeptide, i.e., angiotensin and other neurotransmitters 
(Dampney et al. 2002). 

1.2 

Arginine Vasopressin Release 

Arginine vasopressin (AVP) is released from the posterior pituitary into the 
blood circulation. Circulating AVP is synthesized in the hypothalamic magno- 
cellular neurons originating from the SON and PVN (Bargmann and Scharrer 
1951). The release of AVP from the posterior pituitary constitutes one of the 
several mechanisms that operate to maintain cardiovascular and hydromineral 
homeostasis. 

AVP release induced by ANG II and ANG III is one of the mechanisms by 
which these neuropeptides control volume homeostasis under conditions of hy- 
povolemia, by reducing renal water loss and increasing blood pressure (Renaud 
and Bourque 1991). The administration of ANG II into the lateral or third cere- 
bral ventricles dose-dependently stimulates the secretion of AVP (Andersson et 
al. 1972). Increases in circulating ANG II have been shown to result in large in- 
creases in the concentration of both oxytocin (OXY) and AVP from the posteri- 
or pituitary, effects that are abolished by the destruction of the SFO (Ferguson 
and Kasting 1986, 1988; Knepel et al. 1982). Both systemic and local application 
of ANG have also been shown to result in ATi receptor-mediated increases in 
neuronal activity of antidromically identified OXY and AVP neurons (Ferguson 
and Renaud 1986; Li and Ferguson 1993). In addition, the ablation of tissue in 
the median preoptic nucleus (MnPO) located at the anterior wall of the third ce- 
rebral ventricle also prevents an ANG-induced AVP release (Bealer et al. 1979). 
The region plays an important role in the ANG-induced cardiovascular changes 
and modulates the signals coming from the periphery. This region is rich in 
ANG receptors and there are direct neural inputs from this region to the vaso- 
pressin-secreting cells in the hypothalamic PVN and SON. Administration of 
ANG II blockers into the MnPO prevents the stimulation of magnocellular neu- 
rons in the PVN via stimulation of the SFO (Tanaka et al. 1987; Wilkin et al. 
1989). Presumably, an angiotensinergic synapse in the MnPO has a key role in 
AVP secretion. In addition, the forebrain ANG pathways, the NTS and the Al 
cells of the CVLM, regions rich in ANG receptors, also send direct neural inputs 
to the hypothalamic PVN and SON, and it is possible that they may also be the 
sites at which ANG acts as neurotransmitter to stimulate AVP secretion (Allen 
et al. 2000; Wilkin et al. 1989). 

The release of AVP into the blood circulation is mediated via stimulation of 
periventricular and hypothalamic ATi receptors (Veltmar et al. 1992; Qadri et al. 
1993). In addition, ATi receptor-mediated increase in blood pressure, AVP re- 
lease and drinking response were shown to be blocked by ICV injection of anti- 
sense oligonucleotides to ATi receptor mRNA (Gyurko et al. 1993; Meng et al. 
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1994). The importance of the hypothalamic PVN in the integration and trans- 
mission of effects induced by peripheral or central ANG II is increasingly recog- 
nized (Stadler et al. 1992; Swanson and Sawchenko 1983; Wright and Harding 
1992). Using an in vivo microdialysis technique, it has been shown that ANG II 
and ANG III are released within the PVN in response to local hyperosmotic 
stimulation and dehydration (Harding et al. 1992; Qadri et al. 1994). In addition, 
local microinjections of C-terminal ANG II and ANG III, but not shorter frag- 
ments, can induce AVP release and drinking response via ATi receptors in the 
PVN. On the other hand, the N-terminal ANG (1-7) was less potent in stimulat- 
ing AVP release compared to the C-terminal ANG II and III and had no influ- 
ence on drinking (Qadri et al. 1998a). 

Blood-borne signals such as plasma hypernatremia act on osmo/sodium or 
ANG receptors found in the circumventricular organs such as the subfornical 
organ (SFO) and the organum vasculosum lamina terminalis (OVLT), regions 
known to be involved in osmoregulation. Stimulation of these receptors in CVO 
activates neural pathways that project to the hypothalamic PVN and SON, which 
results in increased release of AVP into the circulation and increased mean arte- 
rial blood pressure (Ferguson and Casting 1986; Gutman et al. 1988; Miselis 
1982; Qadri et al. 1998a). Intracarotid injections of hyperosmolar saline (0.6 M 
NaCl solution) increased the firing rate of neurosecretory cells in the PVN. The 
firing rate of 60% of cells stimulated by hyperosmolar saline was blocked by lo- 
cal application of hexamethonium into the PVN, of 80% after atropine pretreat- 
ment and of 40% after the ANG antagonist saralasin (Akaishi and Negoro 1983). 
In an in vivo study, a non-pressure-associated and moderate increase in osmo- 
lality in the CSF (0.2 and 0.3 M saline, ICV) stimulates AVP release, which is 
mediated through the AT i and cholinergic receptors found in the periventricular 
and hypothalamic PVN, whereas pressure-associated and hyperosmolar saline 
(0.6 M, ICV)-induced AVP was facilitated via AT 2 receptors found in the peri- 
ventricular and hypothalamic PVN (Hogarty et al. 1994; Hohle et al. 1996; Qadri 
et al. 1998b). Thus, all these data suggest that changes in the plasma ANG con- 
centration and plasma osmolality (plasma Na-F concentrations) induced an in- 
crease in blood pressure and AVP release via angiotensinergic and cholinergic 
pathways in the brain. 

2 

Angiotensin Pathways and Regulation of Thirst 

Thirst is a sensation aroused by a need for water, and relief from it sought by 
drinking water. Increased sodium appetite indicates a need for sodium, and re- 
lief will be sought by consuming salt or salty foods. The natural stimuli for 
thirst can be divided into two types: hypovolumic and osmotic (Fitzsimons 
1972). The hypovolumic stimulus occurs when there is volume loss such as from 
slow dehydration over a period of time, massive vasodilation or rapid hemor- 
rhage. The second natural stimulus for thirst is an increase in plasma osmotic 
pressure. Loss of cell water is detected by osmoreceptors (possibly sodium-sen- 
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sitive receptors) located mainly in the hypothalamus, and their stimulation gives 
rise to thirst. Hypovolemia is detected by stretch receptors found in the walls of 
the heart and vasculature (Gauer and Henry 1963; Smith 1957). During hypovo- 
lemia ANG II levels in plasma increase due to low pressure in the renal artery 
that stimulates renin release. The brain is then informed about the changes in 
volume by inputs from the heart and baroreceptors located on the blood vessels 
relayed through the nucleus tractus solitarii (NTS) in the dorsal part of the me- 
dulla. The neural inputs stimulate the release of stored ANG II in the crucial ar- 
eas of the brain that arouse thirst sensation. These brain areas are the circum- 
ventricular organs devoid of a BBB such as the SFO and the OVLT, including the 
median preoptic nucleus (MnPO), which lies within the BBB. The region most 
vulnerable and vital to induce thirst is the MnPO, since destruction of the SFO 
does not produce a lack of drinking behavior; however, destroying the MnPO 
produces chronic lack of thirst (adipsia) (Johnson and Buggy 1978). 

Circulating ANG II derived from renal renin contributes to hypovolumic 
thirst and it also plays a role in increased sodium appetite along with the miner- 
alocorticoids and other hormones. The idea that the kidney might contribute to 
thirst, although not through renin secretion, was first proposed by Linazasoro et 
al. (1954) and later Fitzsimons (1964) proposed and proved the involvement of 
the renal renin-angiotensin system in certain types of drinking behavior in rats 
that underwent caval obstruction. Obstruction of the abdominal vena cava just 
above the renal veins mimic the circulatory effects of severe hypovolemia. With- 
in 30 min of caval obstruction, there was an increase in water intake followed 
much later by an increase in sodium intake, a marked fall in urine flow and 
electrolyte excretion (Fitzsimons 1969a). It has been found that increased 
drinking in response to caval obstruction is caused by ANG II, since ANG II 
caused increased drinking following intravenous infusion into water-replete rats 
(Fitzsimons and Simons 1969). Coincidentally during the investigation of nor- 
epinephrine-induced eating in rats, it was observed that an intrahypothalamic 
injection of ANG II caused drinking (Booth 1968) and later it was shown 
that injection of small amounts of ANG II in the anterior hypothalamus and pre- 
optic region caused dose-dependent increases in drinking in water-replete rats 
(Epstein et al. 1970). In addition, ANG II injected into the brain areas has also 
been shown to induce salt intake (Buggy and Fisher 1974). These pioneering 
studies in search of mechanisms involved in the urge to drink water and eat salt 
pointed out that increased circulating ANG II caused increased drinking and salt 
eating by acting on accessible regions in the CNS. This indicates that ANG II 
triggers some neuronal circuits that induce the sensation of thirst and the com- 
pelling behavioral drive to find water and drink. 

The systemic ANG II administration causes water-replete animals to drink 
water, although the response is less intensive compared to the vigorous, short- 
latency burst of drinking induced by ANG II injected into the brain (Abraham 
et al. 1975; Epstein et al. 1970). Pharmacological experiments have been per- 
formed using different techniques to study the effects of ANG II on drinking be- 
havior and to map the central angiotensinergic pathways involved in drinking. 
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Ablation of the SFO blocks the water intake induced by systemic infusion of 
ANG II (Buggy and Fisher 1976; Simpson et al. 1978). Interestingly, drinking in- 
duced by ICV injection is not inhibited by ablation of the SFO. This led to the 
conclusion that ANG II acts at another region of the brain that lies behind 
the BBB to stimulate drinking. On the other hand, ablation of the anteroventral 
wall of the third ventricle (AV3V) of rat brain abolishes drinking in response to 
ANG II given ICV (Buggy and Fisher 1976), suggesting a region that lies within 
the AV3V region is crucial in ICV ANG Il-induced drinking. Later it was demon- 
strated that the MnPO, which is a major component of the AV3V region, medi- 
ates drinking in response to ANG II given ICV. Furthermore, direct microinjec- 
tion of ANG II into the MnPO induced drinking (ONeill and Broody 1987). Mi- 
croinjections of ANG II into different ventral forebrain regions such as the ante- 
rior hypothalamus, hypothalamic PVN and lateral hypothalamic area (LHA) 
also induced an increase in water intake (do Vale et al. 1997; Qadri et al. 1998a; 
Tanaka et al. 2001). These findings on tracing the pathways involved in ANG 
Il-induced drinking following hypovolemia or central ANG II injection were 
supported by additional studies using different techniques. Immunohistochemi- 
cal staining revealed that these regions are rich in angiotensinergic nerve termi- 
nals (Lind et al. 1985) and ATi receptors (Lenkei et al. 1997). Immunohisto- 
chemical identification of the protein products of inducible transcription factors 
or immediate early genes such as c-fos or c-jun has been used to map the pat- 
tern of activation of neurons in the basal forebrain regions following different 
types of stimuli that induce drinking and sodium appetite, including ANG II 
(Hughes and Dragunow 1995; Lebrun et al. 1995; Blume et al. 1999). ICV injec- 
tion of ANG II caused not only an intense c-fos expression but also other tran- 
scriptional factors such as FosB, c-Jun, Krox-20/24 and JunD in the CVO such as 
the SFO and OVLT, including the MnPO (Blume et al. 1998). There were also 
high levels of expression in the SON, PVN and lateral division of the central nu- 
cleus of amygdala and the bed nucleus of the stria terminalis (BNST) (Blume et 
al. 1997; Herbert et al. 1992). ANG Il-induced Fos immunoreactivity was abol- 
ished by pretreatment with ATi receptor antagonist losartan (Lebrun et al. 1995; 
Rowland et al. 1994). ICV injections of antisense oligonucleotides complementa- 
ry in nucleotide sequence to the mRNA encoding the first four amino acids of 
angiotensinogen to block central production of angiotensinogen in the rat brain 
greatly reduced the water intake in response to ICV injection of renin, suggest- 
ing a probable reduction in the levels of the renin substrate angiotensinogen in 
the brain regions critical in mediating the drinking response (Sinnayah et al. 
1997). 

ANG II given i.v. to conscious rats also resulted in an increased c-fos expres- 
sion in forebrain, hypothalamic and medullary sites such as SFO and OVLT, 
BNST, SON, PVN, central nucleus of amygdala, area postrema (AP) and NTS 
(Badoer and McKinley 1997; McKinley et al. 1992; Oldfield et al. 1994;). Fos 
staining of neurons in SFO and OVLT following i.v. infusion of ANG II is consis- 
tent with the role of ANG II in hemorrhage, since these regions also show in- 
creased c-fos expression after hemorrhage. Hemorrhage also resulted in c-fos 
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expression in the SON, PVN, AP and NTS (Badoer et al. 1993a, 1993b). From 
these data, an angiotensinergic thirst pathway could be proposed as follows: 
neurons in the SFO that are stimulated by circulating ANG II following hypovo- 
lemia have afferent axonal connections with neurons in the MnPO that subserve 
thirst. MnPO, the major switch gear in the central thirst pathway, is further con- 
nected with the hypothalamic AVP synthesizing and releasing regions SON and 
PVN. An increase in plasma osmotic pressure, which induces thirst and stimu- 
lates the release of AVP from the posterior pituitary into the blood circulation is 
detected by ANG II neurons in the OVLT and SFO. Increased plasma osmolality 
induces thirst and is mediated through ATi receptors (Hogarty et al. 1994). 
Losartan, an ATi receptor antagonist, abolished the drinking and AVP response 
of rats to a hyperosmotic stimulus (Hogarty et al. 1994; Qadri et al. 1998a). In 
addition, it has been shown that the levels of ANG II and ANG III are increased 
in the PVN of water-depleted rats and after an increase in plasma osmolality 
(Wright and Harding 1994; Qadri et al. 1994). It is hypothesized that an increase 
in plasma osmotic pressure is detected by ANG II neurons in the SFO and OVLT 
and is relayed via angiotensinergic fibers to the PVN. In the PVN, ANG II as 
a neurotransmitter or neuromodulator is released (Wright and Harding 1994; 
Qadri et al. 1994) and binds to its receptors to stimulate the thirst circuits and 
AVP release. 

For a long time, it was thought that ANG II (1-8) is the only active peptide 
which influences arterial blood pressure, AVP release, stimulates drinking be- 
havior and salt appetite in the animals. The identification of biological activity 
for the heptapeptide, ANG III (des-Asp^ANG II) has changed this view (Blair- 
West et al. 1971). ANG II and ANG III have been shown to stimulate equipotent- 
ly water intake and AVP release when applied ICV or microinjected directly into 
the PVN (Wright et al. 1985; Qadri et al. 1998a). As demonstrated for the osmot- 
ically induced AVP release, the central pathway for drinking following water 
deprivation appears to involve endogenous ANG II, acting on ATi receptors, 
and cholinergic mechanisms, since pretreatment with losartan and the musca- 
rinic receptor antagonist, atropine, each reduced water intake after 24 h water 
deprivation (Stauss and Unger 1990). 

Thus, from the above data a neural pathway involved in drinking could be 
proposed as follows: neurons within the CVO, including MnPO, detect changes 
in the chemical composition of plasma (hypo/hypernatremia) and fluid volume. 
Their efferent neural pathways become important in driving subsequent physio- 
logical responses. The SFO and OVLT share a number of efferent brain target re- 
gions. These include the adjacent MnPO, with which they are both connected 
and which sends efferent fibers to the hypothalamic PVN. The SFO and OVLT 
send their efferent projections indirectly via the MnPO and directly to the hypo- 
thalamic PVN and SON. These projections mediate their influences on neurohy- 
pophysial hormone secretion in response to thirst stimuli (McKinley et al. 1999; 
Miselis 1981; Thrasher and Keil 1987). 
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3 

Angiotensin Pathways and Sodium Excretion (Natriuresis) 

Intracerebroventricular (ICV) administration of ANG II causes a large increase 
in the sodium excretion by the kidney (Andersson et al. 1972; Brooks and Malvin 
1982; McKinley et al. 1994; Unger et al. 1989a, b). The natriuretic response fol- 
lowing ICV injection of ANG II is most probably a synergistic effect of several 
effects that appear parallel or simultaneously to induce sodium excretion such as 
suppression of renal sympathetic nerve activity (May and McAllen 1997), reduc- 
tion in plasma renin levels (Malayan et al. 1979; May and McAllen 1997), and an 
increase in arterial blood pressure and plasma AVP levels (Malayan et al. 1979). 
On the other hand, ICV administration of hypertonic saline stimulates many ef- 
fects similar to ICV ANG II (via central ATi receptors) such as an increase in 
pressor response and AVP release (Qadri et al. 1998b), reduction in renin secre- 
tion (Eriksson and Fyhrquist 1976; McKinley and Mathai 1996) and renal nerve 
activity (May and McAllen 1997), and natriuresis (He et al. 1989; Rohmeiss et al. 
1995a; Sjoquist et al. 1986). The responses to hypertonic saline can be blocked 
by ATi receptor blockers. All these data provide evidence for the central an- 
giotensinergic influence on a wide range of homeostatic functions relating to 
osmoregulation (Hogarty et al. 1994; Mathai et al. 1998; Rohmeiss et al. 1995a; 
Qadri et al. 1998b). 

The peripheral application of hyperosmotic saline stimulates AVP release, 
which is mediated through central ATi receptors (Hogarty et al. 1994). Centrally 
applied hyperosmotic saline engenders similar behavioral (drinking) and endo- 
crine (AVP release) effects as observed with ANG II (see above) and could be 
blocked by an ATi receptor blocker. In addition, AVP release induced by hyper- 
osmotic saline also involved central muscarinic cholinergic mechanisms. The 
hyperosmotic saline-induced non-pressure-associated AVP release is mediated 
through a periventricular and hypothalamic angiotensinergic and cholinergic 
mechanisms, whereas pressure-associated AVP release is mediated through the 
hypothalamic cholinergic mechanism (Qadri et al. 1998b). In case of hyperos- 
motic saline, the induced non-pressure-associated natriuresis, but not the pres- 
sure-associated natriuresis is mediated via the periventricular angiotensinergic 
system (Rohmeiss et al. 1995a). As shown for the osmotically induced AVP re- 
lease and natriuresis, the central pathway for drinking following water depriva- 
tion appears to involve angiotensinergic and cholinergic mechanisms, since 
treatment with losartan and the muscarine receptor antagonist atropine each re- 
duced water intake after 24 h water deprivation (Stauss and Unger 1990). 

The signals and pathways to the kidney that mediate the central action of 
ANG II or hyperosmotic saline are emerging. Ablation of the lamina terminalis 
results in severe hypernatremia. This is probably due to a negative fluid balance 
as a result of disordered water intake and AVP release and also due to impaired 
natriuretic mechanisms (Park et al. 1985). The natriuresis induced by ICV 
hyperosmotic saline was attenuated by blockade of ATi receptors in the SFO 
(Rohmeiss et al. 1995b). One of the first data sets providing evidence that the 
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SFO is the relay station in mediating the non-pressure- and pressure-associated 
natriuresis following central osmoreceptor stimulation. Recently, it has been 
demonstrated that the MnPO is involved in body fluid regulation not only by 
controlling AVP release and water intake, but also by modulating central sympa- 
thetic outflow, which regulates body fluid balance through an effect on the kid- 
ney (Yasuda et al. 2000). In this study, the renal sympathetic nerve activity 
(RSNA) and mean arterial blood pressure were elevated by the injection of hy- 
perosmotic saline into the third ventricle, and were attenuated by microinjec- 
tion of lidocaine into the MnPO. In another recently published study, it was 
demonstrated that there is an interaction between ATi and AT 2 receptors of the 
PVN and the septal area in the control of ANG-induced physiological responses 
in terms of water and sodium homeostasis and mean arterial blood pressure 
modulation (Camargo et al. 2002). In addition, alpha- adrenergic pathways 
involving the PVN are important for the water and sodium excretion and pres- 
sor responses induced by angiotensinergic activation of the medial septal area 
(Camargo and Saad 2001). Together, these data suggest common central an- 
giotensinergic, cholinergic and adrenergic pathways between osmotically in- 
duced AVP release, natriuresis and drinking in response to osmotic stimulation 
involving the lamina terminalis and hypothalamic MnPO and PVN. 

Taken together, blood-borne signals such as plasma hypernatremia act on os- 
moreceptors (sodium and/or angiotensin receptors) found in the lamina termi- 
nalis, specifically in the SFO. Stimulation of osmoreceptors in the lamina termi- 
nalis (SFO) activates angiotensinergic pathway(s) through the MnPO that pro- 
ject to the hypothalamic PVN, which results in increased release of AVP into the 
circulation, an increase in the RSNA and an increase in mean arterial blood 
pressure; all these effects concomitantly participate in the natriuresis/osmoregu- 
lation. 

It is of great interest to point out that there is an endogenous antagonisms of 
ANG Il-induced central natriuretic effects (Unger et al. 1990). Atrial natriuretic 
peptide (ANP) was identified as a functionally antagonistic circulating hormone 
involved in ANG Il-induced body fluid regulation. Both ANG II and ANP have 
been localized in close vicinity in forebrain areas involved in the central fluid 
and electrolyte regulation. In addition, pretreatment of rats with ANP given ICV 
dose-dependently antagonized the central ANG Il-induced natriuretic effects 
(Rohmeiss et al. 1989, 1991). These are one of the first data sets supporting the 
notion of a functional antagonism between ANG II and ANP in the brain. 

Is it Angiotensin II or III ? Des-Asp^-ANG II, or ANG III, was once believed 
to be an inactive catabolic product of ANG II through N- terminal degradation. 
The identification of biological activity for this heptapeptide in 1971 (Blair- West 
et al. 1971) drastically changed this view, and it was the beginning of evaluations 
of its physiological functions. However, among the main bioactive peptides of 
the brain RAS, ANG II and ANG III exhibit the same affinity for ATi and AT 2 
receptors. Both peptides, injected ICV, cause similar increases in AVP release 
and blood pressure. An increasingly large number of data provide evidence that 
ANG III and not ANG II plays an important role in central regulation of cardio- 
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vascular and body fluid volume homeostasis (Reaux et al. 2001; Yang et al. 
1995). 

4 

Conclusion 

All the data that has been reviewed here show that angiotensin is generated in 
the brain and the angiotensinergic neuronal pathways play an important role in 
the regulation and control of body fluid homeostasis. Homeostatic responses 
that may be influenced by angiotensinergic pathways include increased arterial 
blood pressure, AVP release into the circulation, thirst and renal sodium excre- 
tion. Systemic stimuli that activate central angiotensinergic pathways include 
plasma hypernatremia and circulating ANG II/ANG III. Although at present a 
great deal of knowledge has been accumulated regarding the involvement and 
importance of angiotensin and angiotensinergic pathways in brain functions, 
several gaps in our knowledge still exist and await further elucidation. 
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Abstract The presence of type 1 Ang II (ATi) receptors at sites critical for acti- 
vation of the HPA axis, such as parvocellular corticotropin releasing hormone 
(CRH) neurons in the hypothalamic paraventricular nucleus (PVN), brain nu- 
clei with connections to the PVN, and pituitary corticotrophs provide evidence 
for direct regulatory effects of the peptide on the HPA axis activity. Central AT i 
receptors modulate CRH expression and possibly vasopressin in parvocellular 
neurons of the PVN. Intracer ebro ventricular injection of low doses of Ang II in- 
crease CRH mRNA and plasma ACTH. The latter effect is at least in part medi- 
ated by CRH release, since it is prevented by CRH antiserum. However, in a 
number of conditions plasma ACTH and glucocorticoid responses to stress are 
unaffected by central ATi receptor blockade, indicating that Ang II is not essen- 
tial for activation of the HPA axis during stress. Ang II could stimulate CRH se- 
cretion directly through interaction with receptors in the PVN or median emi- 
nence, or indirectly by stimulating afferent neural pathways from the circum- 
ventricular organs. ATi receptors are present in the pituitary corticotroph and 
Ang II stimulates ACTH secretion in vitro. However, there is little evidence for a 
major role of Ang II directly regulating pituitary ACTH secretion and it is more 
likely that the pituitary effects of the peptide relate to corticotroph differentia- 
tion. 
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1 

Introduction 

Activation of the hypothalamic pituitary adrenal axis (HPA) is essential for sur- 
vival of the organism when confronted with alterations of the external or inter- 
nal environment (Munck et al. 1984). The end result of HPA axis activation is 
secretion of adrenal glucocorticoids, which influence metabolism, neurotrans- 
mitter synthesis, immune system and signaling of other hormones such as thy- 
roid hormone, catecholamines and vasoactive peptides (Munck et al. 1984; 
Whithworth 1987; Wong et al. 1995). The production of adrenal glucocorticoids 
is controlled by the anterior pituitary peptide, ACTH. The regulation of ACTH 
synthesis and secretion is multifactorial, involving the stimulatory effect of the 
neuropeptides, corticotropin-releasing hormone (CRH) and vasopressin (VP), 
produced by parvocellular neurons of the hypothalamic paraventricular nucleus 
(PVN) and negative feedback by glucocorticoids (Aguilera 1994; Antoni 1986; 
Whitnall 1993). In addition, a number of neurotransmitters and peptides, in- 
cluding angiotensin II (Ang II) have been implicated in the regulation of ACTH 
secretion by acting directly on pituitary corticotrophs and/or indirectly by con- 
trolling the expression and secretion of CRH and VP. A normal component of 
the stress response in humans and experimental animals is activation of the re- 
nin-angiotensin system, as a result of sympathetic activation (Golin et al. 1988). 
This leads to increases in circulating Ang II, which contribute to cardiovascular 
adaptation during stress and potentially to modulation of HPA axis activity. 
Components of the renin angiotensin system, including ATi and AT 2 receptors, 
have been identified in a number of sites related to the stress response, such as 
the pituitary corticotroph, parvocellular neurons of the PVN, and brain nuclei 
with afferent connections to the PVN (Aguilera et al. 1995b; Saavedra 1992; Song 
et al. 1992). This chapter will discuss current knowledge on the involvement of 
Ang II on the regulation of HPA axis activity at central and peripheral levels. 

2 

Central Regulation of the HPA Axis by Ang II 

A large body of evidence supports the involvement of Ang II in the central regu- 
lation of the HPA axis (Aguilera et al. 1995b; Ganong and Murakami 1987). As 
discussed below, morphological and functional studies have revealed the pres- 
ence of Ang II receptors and other components of the renin-angiotensin system 
in areas of the brain controlling HPA axis activity, and provided evidence for 
modulatory effects of central Ang II on the HPA axis. 
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2.1 

Central Ang II Receptors and HPA Axis Activity 

A prominent site of expression of Ang II receptors in the brain is the hypotha- 
lamic PVN (Fig, IH and M). This nucleus is the site of production of CRH and 
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Fig. 1A-0 Topographic distribution of Ang II receptor subtypes in the rat brain determined by binding 
autoradiography. Serial coronal sections of rat brain were incubated with ^^^l[Sar\ lle^JAng II in the ab- 
sence (F-J, total binding) or in the presence of saturating concentrations of ATrspecific antagonist, 
Dup 753 (losartan) (A-E, AT 2 receptors), or the AT 2 antagonist, PD 123177 (K-0, ATi receptors). Abun- 
dant ATi receptors are present in the PVN, a key hypothalamic center regulating the HPA axis, and areas 
with connections to the PVN, including circumventricular organs (OVIT, SFO, ME and AP). AT 2 receptors 
are present in the lateral septum, subiculum and inferior olive but not in areas relevant to HPA axis 
activity (A-E). cc, cingular cortex; s/, lateral septum; OVLT, organum vasculoso of the lamina terminalis; 
cp, pirifom cortex; SFO, subfornical organ; cp choroid plexus; POM nucleus medianus; nist bed nucleus 
of the stria terminalis; avpo anteroventral preoptic area; SFO, subfornical organ; PVN, hypothalamic 
paraventricular nucleus; of, olfactory nucleus; pf, pirifom cortex; sub, subiculum; ME, median eminence; 
ap, area postrema; nts, nucleus of the solitary tract; io, inferior olive 
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VP, as well as a relay center for autonomic responses to stress (Cunningham and 
Sawchenko 1988; Swanson and Kuypers 1980). Ang II receptors are also present 
in a number of areas with connections to the PVN such as the circumventricular 
organs, the nucleus of the solitary tract in the brain stem and the median emi- 
nence (Millan et al. 1991; Saavedra 1992, Song et al. 1992) (Fig. lH-0). Thus, 
Ang II can influence PVN function directly by interacting with receptors in 
PVN, or indirectly through release of other neurotransmitters by acting on pre- 
synaptic Ang II receptors. Ang II receptors in the PVN and other areas with af- 
ferent connections to the PVN are of type 1 (ATi) (Bunneman et al. 1992; Millan 
et al. 1991; Saavedra 1999; Song et al. 1992). In the rat, ATi receptors at the later 
locations have been identified as belonging to the ATia subtype (Lenkei et al. 
1997; Millan et al. 1991; Saavedra 1999) (Fig. 1). As shown in Fig. lA-E, no AT 2 
receptors are present in these areas. In the PVN, receptors are mainly located in 
parvocellular neurons expressing CRH or CRH and VP, cells that are critical for 
activation of the HPA axis during the stress response. Studies using double 
staining in situ hybridization techniques with a ^^S-labelled ATi receptor cRNA 
probe and digoxigenin-labeled cRNA probes for CRH, VP, oxytocin or TRH 
have shown that ATi receptor mRNA is located only in cells containing CRH 
mRNA (Aguilera et al. 1995c; Lenkei et al. 1995) (Fig. 2A). It is noteworthy that 
in both reports only small vasopressinergic neurons, with parvocellular charac- 
teristics, displayed significant ATi receptor staining (Fig. 2B). In contrast to the 
clear localization of ATi receptors in parvocellular neurons, the expression of 
these receptors in vasopressinergic magnocellular neurons is controversial. 
While in situ hybridization studies have failed to find ATi receptors in magno- 
cellular neurons (Aguilera et al. 1995; Lenkei et al. 1995), some immunohisto- 




Fig. 2A, B Cellular localization of ATi receptor mRNA in the PVN determined by double labeling in situ 
hybridization using ^^S-labeled ATi receptor cRNA probes (grains), and digoxigenin-labeled CRH (A) and 
VP (B) cRNA probes. Thin arrows in A indicate representative CRH cells overlaid by ATi receptor tran- 
scripts (grains). Parvicellular vasopressinergic neurons containing ATi receptor transcripts are shown by 
the thin arrows in B. The thick arrows in B show magnocellular vasopressinergic neurons voided of ATi 
receptor mRNA 
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chemical studies have detected immunoreactivity in this region (Pfister et al. 
1997). Ang II has well-recognized effects of Ang II in the central regulation of 
VP secretion (Phillips 1987; Unger et al. 1985). Although the presence of low lev- 
els of ATi receptor expression in magnocellular neurons cannot be ruled out, it 
is likely that at least part of the effects of Ang II in the PVN are indirect. This 
could be mediated through catecholamine release by activation of Ang II recep- 
tors located in afferent terminals innervating PVN neurons (Unger et al. 1985; 
Veltmar et al. 1992), or through glial cells, which contain abundant ATi recep- 
tors (Raizada et al. 1987). 

The presence of high levels of ATi receptors as well as ATi receptor mRNA in 
the periventricular area indicates the presence of receptors in parvicellular peri- 
karya other than CRH. This region of the PVN contains mainly TRH, somato- 
statin, and dopamine-producing cells (Swanson et al. 1987). The lack of signifi- 
cant colocalization of ATi receptor mRNA and TRH mRNA in the periventricu- 
lar area renders it unlikely that ATi receptors are in TRH cells. On the other 
hand, it is likely that ATi receptors in the periventricular area are associated 
with dopaminergic neurons, as suggested by the ability of central administra- 
tion of Ang II to increase dopaminergic turnover in the hypothalamus and to 
decrease prolactin secretion (Fuxe et al. 1980). Central administration of Ang II 
has been shown to reduce plasma levels of growth hormone (Steele et al. 1982), 
and it is possible that ATi receptors located in somatostatin cells mediate this 
effect. 



2.2 

Regulation of Ang II Receptors in the PVN 

The presence of ATi receptor mRNA in cells containing CRH mRNA provides 
strong evidence for a role of Ang II in the regulation of CRH neurons, and sug- 
gests that these receptors mediate the increases in CRH mRNA observed follow- 
ing central administration of Ang II (Sumimoto et al. 1991). In situ hybridiza- 
tion and binding autoradiography studies have revealed that ATi receptor levels 
in the PVN are glucocorticoid dependent (Aguilera et al. 1995a). Withdrawal of 
circulating glucocorticoids by surgical adrenalectomy in the rat decreases ATi 
receptor expression in the PVN, while glucocorticoid administration has the op- 
posite effect. Several stress paradigms have been shown to increase ATi receptor 
expression in the PVN in response to stress, with a pattern of distribution iden- 
tical to that of CRH mRNA, suggesting that induction occurs in parvocellular 
neurons (Aguilera et al. 1995a; Armando et al. 2001; Leong et al. 2002) (Fig. 3A). 
Adrenalectomy with or without glucocorticoid replacement prevents stress-in- 
duced increases in ATi receptor expression, indicating that the increase in re- 
ceptors is the result of the increases in circulating glucocorticoids following 
stress (Fig. 3B). These changes in Ang II receptor expression in the PVN during 
stress strongly suggest that Ang II has a modulatory role in PVN function dur- 
ing adaptation to stress (Aguilera et al. 1995a; Leong et al. 2002). However, the 
level of AT i receptors in the PVN have been shown to increase during stress, ir- 
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Fig. 3A, B Changes in ATi receptor mRNA expression in the PVN 4 h after 1 h restraint stress or a 
single i.p. hypertonic saline injection in 4-day sham operated rats (SHAM-B) or adrenalectomized rats, 
with [ADX+B) or without [ADX-B) glucocorticoid replacement. A Representative images of AT] receptor 
mRNA in situ hybridization in PVN sections from controls and rats subjected to restraint stress. Bars in 
B represent the mean and SE of the transmittance values obtained from the film images in five rats per 
experimental group. *, p<0.001 vs respective controls; #, p<0.001 vs sham operated or ADX-hB rats 



respective of CRH expression and ACTH responsiveness associated with the 
stressor, suggesting that the changes are a consequence of the glucocorticoid 
surge rather than a determinant of the HPA axis responsiveness. For example, 
AT 1 receptors in the PVN have been shown to increase equally in somatosensory 
stress paradigms associated with increased HPA responsiveness and during os- 
motic stimulation, a condition which is accompanied by decreases in CRH 
mRNA and ACTH responsiveness (Aguilera et al. 1995a). Although no AT 2 re- 
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ceptors have been described in areas of the brain involved in HPA axis regula- 
tion (Lenkei et al. 1997; Saavedra 1999), recent studies have shown increases in 
ATi receptors in the brain and activation of the HPA axis in knock-out mice for 
the AT 2 receptor (Armando et al. 2002). This indicates that AT 2 receptors can 
influence the expression of ATi receptors and suggests that cross-talk between 
the two receptor subtypes is critical for the angiotensinergic regulation of the 
HPA axis. 



2.3 

Central Ang II and HPA Axis Activity 

Reports on the effect of central Ang II blockade on ACTH responses to stress 
are conflicting. While in sheep, ICV administration of a converting enzyme in- 
hibitor attenuates ACTH responses to hemorrhage (Cameron et al. 1986), ACTH 
responses to ether (Buckner et al. 1986) or shaking stress (Hirasawa et al. 1990) 
in the rat are unchanged by central Ang II antagonists or converting enzyme in- 
hibitors. Similarly, plasma ACTH and corticosterone responses to restraint 
stress were unaffected by central ATi receptor blockade with the non-peptide se- 
lective antagonist, losartan (Jezova et al. 1998). This inability to suppress central 
angiotensinergic activity to reduce the rise in plasma ACTH and corticosterone 
indicates that, at least in the rat, central Ang II is not required for the secretory 
response of the hypothalamus and pituitary to the latter acute stress paradigms. 
In contrast, peripheral administration of another non-peptide ATi receptor an- 
tagonist, candesartan, for 13 days was shown to abolish HPA responses to isola- 
tion stress, including the elevations in plasma ACTH and corticosterone as well 
as the increase in ATi receptor expression in the PVN (Armando et al. 2001). 
Since candesartan can cross the blood-brain barrier, it is not clear from the re- 
port whether the effects of long-term administration were due to blockade of 
peripheral or central ATi receptors. 

Central ATi receptor blockade by icv administration of losartan attenuates 
CRH mRNA responses to acute immobilization, suggesting that endogenous 
Ang II in the brain is at least partially responsible for the increases in CRH 
mRNA in this stress paradigm (Jezova et al. 1998) (Fig. 4). A regulatory effect of 
Ang II on CRH mRNA in the PVN has also been suggested by studies showing 
increased CRH mRNA following ICV injection of Ang II (Sumimoto et al. 1991). 
Stress increases CRH receptor expression in the PVN but in contrast to CRH, 
this effect is not prevented by central ATi receptor blockade, suggesting that 
central Ang II is not involved in the regulation of hypothalamic CRH receptors 
(Jezova et al. 1998). The question of whether the stimulatory effect of ICV Ang 
II on CRH mRNA is directly mediated by ATi receptors in the PVN remains to 
be answered. The coexpression of ATi receptors in CRH cells of the PVN (Aguil- 
era et al. 1995c; Lenkei et al. 1998), as well as the increase in Ang II binding and 
ATi receptor mRNA levels (Aguilera et al. 1995a; Leong et al. 2001) in the PVN 
observed following acute or chronic stress suggest a direct regulatory effect of 
Ang II on the CRH neuron. Overall, the evidence indicates that central Ang II is 
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Fig. 4 Effect of acute immobilization on CRH mRNA in rats receiving an ICV injection of vehicle or 
10 |jg of the ATi receptor antagonist, losartan. Thirty minutes after ICV injection, rats were immobilized 
for 1 h and killed at the time points indicated. Bars represent the mean and SEM of the values mea- 
sured by in situ hybridization in 6-16 rats per experimental group. ^ p<0.01 vs basal; #, p<0.05 vs 
respective control; p<0.01 vs respective control 



not involved in the acute activation of the HPA axis during stress. However, it 
does contribute to the regulation of CRH mRNA in the PVN and it may influ- 
ence adaptive responses of the HPA axis to long-term stimulation. 

3 

Pituitary Effects of Angiotensin II 

Several in vitro studies in rodents and primates have shown that Ang II has the 
potential to directly stimulate ACTH secretion in the pituitary corticotroph 
(Hauger et al. 1982; Aguilera et al. 1982, Spinedi and Negro-Villar 1983). Studies 
in isolated rat pituitary cells have shown that Ang II stimulates ACTH secretion 
in a dose-dependent manner and that the peptide potentiates the stimulatory ef- 
fect of CRH (Aguilera et al. 1982; Spinedi and Negro-Vilar 1983). In pituitary 
cells from non-human primates, Ang II has no effect on its own, but it also en- 
hances CRH-stimulated ACTH secretion (Millan et al. 1987). The pituitary ef- 
fects of Ang II are mediated by ATi receptors present in the pituitary cortico- 
troph of rodents and primates (Hauger et al. 1982; Zemel et al. 1990; Saavedra 
1992). Studies using cell type enriched fractions of rat pituitary cells have shown 
that Ang receptors are located in corticotrophs and in lactotrophs but not in 
other cell types (Aguilera et al. 1983; Moreau et al. 1997). Pituitary Ang II recep- 
tors correspond to ATi receptors, with the majority belonging to the ATib sub- 
type, as shown by in situ hybridization and RT-PCR in fractionated pituitary 
cells (Lenkey et al. 1999). In the rat, ATi receptors undergo marked down-regu- 
lation following estrogen administration (Chen and Printz 1982; Platia et al. 
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1986; Krishnamurthi et al. 1999). These changes probably reflect the effect of es- 
trogen on ATi receptors in lactotrophs, which represent about 50% of the pitui- 
tary cell population. In primates, Ang II receptors are located only in corti- 
cotrophs and no information is available on their subtype (Millan et al. 1990). 
Although in ATi there is no evidence for an effect of glucocorticoids on anterior 
pituitary Ang II binding, it has been recently reported that restraint stress in- 
duces marked changes in pituitary ATia and ATib receptors (Leong et al. 2002). 
It is not possible to rule out that some of the changes in ATi receptor expression 
occurred in corticotrophs, but the magnitude of the effect suggests that they re- 
flect mostly changes in lactotrophs, which constitute the larger proportion of 
AT 1 -containing cells in the rat pituitary. This finding raises the possibility that 
ATi receptors in lactotrophs could mediate at least in part the increases in plas- 
ma prolactin, which are part of the stress response in the rat (Jurcovicova et al. 
1990). 

Since the affinity of pituitary Ang II receptors is in the nanomolar range 
(Chen and Printz 1983; Hauger et al. 1982), low levels of receptor occupancy 
would occur when exposed to circulating Ang II levels in the picomolar range. 
Experiments in vivo have shown than only high infusion levels of Ang II into the 
peripheral circulation increase plasma ACTH levels (Ganong and Murakami 
1987) (Fig. 5). The stimulatory effect of Ang II on plasma ACTH can be prevent- 
ed by administration of CRH antibody, suggesting that the effect of Ang II is in- 
direct through stimulation of CRH release (Rivier et al. 1983). Supporting this 
possibility, peripheral injection of Ang II has been shown to induce rapid in- 
creases in CRH content in the ME followed by a decrease (Ganong and Murakami 




Angiotensin ii Dose (ng) 

Fig. 5 Effect of central (i.c.v.) or peripheral (i.v.) administration of Ang II on plasma ACTH in conscious 
rats bearing jugular vein catheters. Bars are the mean and SE of values obtained in four to six rats per 
group. * p<0.001 vs vehicle injected controls (0 dose); #, p<0.01 vs the respective IV dose 
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1987). In addition, in the rat, Ang II is locally synthesized in the pituitary by go- 
nadotropes, from where it is stored and released together with LH. Thus, it is 
possible that locally released Ang II interact with receptors in corticotrophs and 
lactotrophs in a paracrine manner to modulate hormone secretion (Ganong and 
Murakami 1987). 

Combination of in situ hybridization and immunohistochemistry studies 
have shown that only a subpopulation of corticotropes (about 25%) expresses 
ATib receptors (Moreau et al. 1997). Corticotropes are heterogeneous in size, 
shape, storage patterns, receptor expression and secretory responses (Childs 
1992). Since in vitro Ang II can increase the percentage of cells that bind CRH 
and store ACTH (Childs 1992), it is possible that the primary effect of Ang II in 
the pituitary is corticotroph differentiation rather than stimulation of ACTH se- 
cretion. While there is evidence that Ang II stimulates ACTH secretion at the pi- 
tuitary corticotroph level, further studies are required to determine the physio- 
logical importance of the direct effects of Ang II in the pituitary. 

4 

Adrenal Regulation by Ang II 

In contrast to the key role of Ang II regulating mineralocorticoid secretion in 
the adrenal zona glomerulosa, the peptide does not appear to be a major regula- 
tor of glucocorticoid secretion. The functional involvement of Ang II in the zona 
fasciculata may be species dependent and it may not be directly related to acute 
regulation of steroidogenesis. For example, Ang II receptors show very low ex- 
pression in the zona fasciculata of the rat, rendering unlikely that the peptide 
has any direct effect on glucocorticoid production in this species (Belloni et al. 
1998). On the other hand, ATi receptors are present in the zona fasciculata of 
bovine adrenal gland and Ang II has been shown to increase cortisol production 
in cultured bovine adrenal fasciculata cells (Oualy et al. 1992). Low levels of Ang 
receptors have been also described in the adrenal fasciculata of human and 
non-human primates (Douglas et al. 1984). Concomitantly with binding affini- 
ties lower than those in the zona glomerulosa, in vitro cortisol responses to Ang 
II were less sensitive than aldosterone responses in adrenal glomerulosa cells 
(Douglas et al. 1984). Consistent with a minor effect of Ang II in the human ad- 
renal fasciculata, i.v. infusion of Ang II has been reported to be ineffective in 
modifying plasma cortisol levels in humans (Calogero et al. 1991). In addition, 
no elevation in circulating glucocorticoids is associated with experimental or 
pathological conditions accompanied by activation of the renin-angiotensin sys- 
tem. While it is unlikely that Ang II plays a major role as a direct regulator of 
adrenal fasciculata steroidogenesis, it is plausible that the peptide influences ad- 
renal fasciculate responsiveness indirectly, e.g., though modulation of adrenal 
medullary catecholamine production. 
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5 

Summary and Conclusions 

Evidence is accumulating to support the direct involvement of Ang II in the reg- 
ulation of HPA axis activity both at the hypothalamic and pituitary levels. Type 
1 Ang II (ATi) receptors are present at sites critical for activation of the HPA 
axis, including parvocellular CRH neurons in the PVN, other brain nuclei with 
connections to the PVN, as well as pituitary corticotrophs. While ATi receptor 
expression in the PVN undergoes regulatory changes during alterations of HPA 
axis activity, these changes appear to result from altered circulating glucocorti- 
coids rather than determine HPA axis responsiveness. Central ATi receptors 
modulate CRH expression and possibly vasopressin in parvocellular neurons. 
Intracerebro ventricular injection of low doses of Ang II increase CRH mRNA 
and plasma ACTH, but in a number of conditions plasma ACTH and glucocorti- 
coid responses to stress are unaffected by central ATi receptor blockade. The 
stimulatory effect of Ang II on ACTH secretion is mediated at least in part by 
CRH release, since CRH antiserum is able to block this action. Ang II could 
stimulate CRH secretion directly through interaction with receptors in the PVN 
or median eminence, or indirectly by stimulating afferent neural pathways from 
the circumventricular organs. ATi receptors are present in the pituitary cortico- 
troph and Ang II stimulates ACTH secretion in vitro. However, there is little evi- 
dence for a major role of Ang II directly regulating pituitary ACTH secretion 
and it is more likely that the pituitary effects of the peptide relate to cortico- 
troph differentiation. 
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Abstract Angiotensin (Ang) ATi receptors are located in many regions of the 
brain that influence fluid and electrolyte balance. Neurons that express ATi re- 
ceptors in the subfornical organ and organum vasculosum of the lamina termi- 
nalis (OVLT), circumventricular organs that lack a blood-brain barrier, are stim- 
ulated by systemically administered Ang II to initiate water drinking, sodium 
appetite and vasopressin secretion. Intracerebro ventricular (ICV) injection of 
Ang II has a potent dipsogenic effect and also stimulates vasopressin secretion, 
effects probably caused mainly by an action of centrally administered Ang II on 
the median preoptic nucleus. Central administration of drugs that block the ATi 
receptor, or prevent angiotensinogen production in the brain, inhibit drinking 
and vasopressin release in response to ICV injection of hypertonic saline, sug- 
gesting that angiotensin generated within the brain may have a role in body flu- 
id homeostasis. Centrally administered Ang II also causes increased excretion of 
sodium by the kidney, and blockade of natriuretic responses by ICV injection of 
the ATi antagonist losartan suggests that a central angiotensinergic pathway 
may influence renal sodium excretion. 

Keywords Subfornical organ • Organum vasculosum of the lamina terminalis 
(OVLT) • Circulating angiotensin • ATi receptor • Thirst • Water drinking • 
Vasopressin • Sodium appetite • Natriuresis • Brain angiotensin 

Abbreviations 

ACE Angiotensin converting enzyme 

Ang Angiotensin 

ANP Atrial natriuretic peptide 

AV3-V Anteroventral third ventricle wall 

ICV Intracerebroventricular 

MnPO Median preoptic nucleus 

OVLT Organum vasculosum of the lamina terminalis 

1 

Introduction 

Angiotensin (Ang) exerts multiple actions on the brain to influence fluid and 
electrolyte balance. These are in addition to its direct actions on the kidney and 
its stimulation of aldosterone secretion by the adrenal cortex to regulate sodium 
excretion. Initially, it was shown that circulating Ang II could stimulate the CNS 
to influence arterial pressure (Bickerton and Buckley 1961). Following this, it 
was shown that Ang II could stimulate water drinking in animals (Fitzsimons 
1968), vasopressin secretion (Bonjour and Malvin 1970.) and sodium appetite 
(Buggy and Fisher 1974). There is also evidence that angiotensin may act on the 
brain to influence renal sodium excretion (Andersson et al. 1972). 

When considering the actions of Ang on the brain, it is necessary to distin- 
guish the central effects of circulating Ang II, from those that may result from 
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the actions of Ang generated within the CNS. Circulating Ang II does not have 
ready passage across the blood-brain barrier (Schelling et al. 1976; Fei et al. 
1982). Consequently, the brain sites at which blood-borne Ang can influence the 
central regulation of fluid and electrolyte homeostasis are limited to those sites 
that lack the blood-brain barrier, specifically the sensory circumventricular or- 
gans of the brain: the subfornical organ, organum vasculosum of the lamina ter- 
minalis (OVLT) and area postrema. 



1.1 

Angiotensin Receptors in Brain Regions That Regulate Body Fluid Homeostasis 

Studies that initially used in vitro autoradiography, and more recently in 
situ hybridization and immunohistochemistry, have demonstrated that many 
regions of the brain that are known to have significant roles in the central regu- 
lation of fluid and electrolyte balance are sites rich in Ang receptor binding 
(Mendelsohn et al. 1984; Speth et al. 1986; McKinley et al. 1987; Mendelsohn et 
al. 1988). This binding represents ATi receptors, which are present in regions 
such as the lamina terminalis, the supraoptic and paraventricular nuclei of the 
hypothalamus, the bed nucleus of the stria terminalis, amygdala, the lateral 
parabrachial nucleus, the nucleus of the solitary tract and the caudal ventrolat- 
eral medulla (Song et al. 1991; Lenkei et al. 1997; Giles et al. 1998), which are all 
implicated in the regulation of body fluids. 

While the AT i receptors in the subfornical organ and OVLT are influenced by 
circulating Ang II, those in the other aforementioned regions are not accessed 
by blood-borne Ang II. There is considerable evidence to show that angiotensi- 
nogen is synthesized within the brain (Stornetta et al. 1988) and that Ang pep- 
tides are generated within the brain (Ganten et al. 1983; Bunnemann et al. 
1993). It is probable that Ang peptides are utilized as neurotransmitters or mod- 
ulators within the CNS (Lind et al. 1985). 

2 

Angiotensin and Thirst 



2.1 

Peripheral Renin-Angiotensin System 

It has been known for more than 30 years that Ang II is a potent dipsogenic 
agent. Pioneering studies by Fitzsimons, who studied water intake in bilaterally 
nephrectomized rats, established that a renal thirst factor, which he later showed 
to be renin, was necessary for water drinking in rats as a result of ligation of the 
inferior vena cava (Fitzsimons 1969). Subsequently, it was shown that systemic 
infusion of Ang II or renin was a stimulus to water drinking in many mammals, 
including rats, mice, dogs, sheep, goats, cows, monkeys and humans. In addi- 
tion, peripherally administered Ang II is a dipsogenic agent in avian and reptil- 
ian species (Kobayashi et al. 1979). It has also been shown in an amphibian (the 
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spadefoot toad) that Ang II has a central action to stimulate the toad to press 
its ventral skin to a moist surface and increase water uptake across the skin 
(Propper et al. 1995). A complete list of vertebrate species that have been shown 
to respond with a drinking response to peripheral administration of angiotensin 
has been provided by Fitzsimons (1998). 

Administration of Ang II directly into the common carotid artery has been 
shown to be a more potent stimulus to water drinking in dogs and sheep than 
similar or greater amounts of intravenously infused Ang II. These results dem- 
onstrated that Ang II from the circulation probably acted directly on the brain 
to stimulate drinking behavior (Abraham et al. 1975; Reid et al. 1982). While 
numerous studies showed that systemically infused Ang II stimulates water 
drinking, the infusion rates needed to produce this effect often yielded blood 
concentrations of Ang II in excess of physiologically relevant concentrations. 
This appears to be the case in sheep and humans (Abraham et al. 1975; Phillips 
et al. 1985). However, in dogs and rats, blood Ang II levels associated with vari- 
ous physiological and pathophysiological conditions are sufficient to cause 
drinking (Hsiao et al. 1977; Ramsay et al. 1978; Fitzsimons and Kucharczyk 
1978; Mann et al. 1980; Johnson et al. 1981). 

An important consideration in regard to whether circulating concentrations 
of Ang II stimulate drinking is the concomitant inhibitory influence on drinking 
behavior of baroreceptor activation resulting from Ang IPs pressor effect. If the 
pressor response is blocked or reduced by simultaneously administered capto- 
pril and vasodilator agents, the threshold dose of Ang II for water drinking 
could be reduced considerably (Robinson and Evered 1987; Evered et al. 1988). 
Thus, experiments that show lack of a dipsogenic response to systemically in- 
fused Ang II have to be regarded with caution because of the concomitant pres- 
sor response. In physiological conditions of hypovolemia or sodium depletion, 
in which Ang II levels rise, but no increase in arterial pressure occurs, the inhib- 
itory influences from baroreceptors would not be a factor. 



2.2 

Effects of Peripherally Administered Angiotensin Antagonists on Drinking 

In regard to the receptor subtype utilized by circulating Ang II to induce drink- 
ing, peripheral administration of the ATi antagonist losartan, but not the AT 2 
antagonist PD 123177, prevented water drinking in response to subcutaneously 
administered Ang II (Fregly and Rowland 1991; Dourish et al. 1992). Dipsogenic 
responses to systemically infused Ang II can also be inhibited by centrally ad- 
ministered Ang antagonists. ICV administration of either the peptide analogue 
antagonist saralasin, or the specific ATi receptor antagonist losartan, inhibits 
water drinking induced by peripherally administered Ang II. Indeed, most stud- 
ies of the effects of Ang receptor antagonists on water intake have employed the 
cerebroventricular route of delivery, and these will be discussed in a later sec- 
tion of this chapter. However, it should be pointed out that the Ang receptors 
that are directly stimulated by systemic Ang II are not necessarily the same Ang 
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Fig. 1 Diagram of a mid-sagittal section of the rat brain showing some neural pathways (indicated by 
dashed lines) influencing salt and water balance that are stimulated by either circulating or intracere- 
broventricularly injected angiotensin II. The question marks indicate that the cortical sites subserving 
thirst and salt appetite are unknown. /Cl/, intracerebroventricular; MnPO, median preoptic nucleus; 0\/LT, 
organum vasculosum of the lamina termlnalis; PI//V, hypothalamic paraventricular nucleus; SfO, subfor- 
nical organ; SOH, supraoptic nucleus 



receptors that are being blocked by centrally administered Ang antagonists. This 
is because of the probable existence of a central neural pathway, driven by Ang 
II as a neurotransmitter in the median preoptic nucleus (MnPO), mediating 
drinking caused by circulating Ang II (Fig. 1) (Johnson et al. 1996). Neverthe- 
less, the effectiveness of systemic AT i antagonists in blocking drinking respons- 
es clearly point to AT i receptors mediating water drinking caused by circulating 
Ang II. Peripherally administered ATi antagonists candesartan and telmisartan 
inhibit dipsogenic, vasopressin and pressor responses to centrally administered 
Ang II, showing that these AT i antagonists may gain access to Ang receptors for 
thirst inside the blood-brain barrier (Gohlke et al. 2001; Gohlke 2002). 



2.3 

Brain Site of the Dipsogenic Action of Circulating Angiotensin 

The evidence that circulating Ang II is prevented from entering the interstitium 
of the brain by the blood-brain barrier (Schelling et al. 1976) leads to the ques- 
tion of how and where it can influence brain function to stimulate thirst. In the 
rat, it was initially shown that the subfornical organ is the central site for the 
dipsogenic actions of circulating Ang II (Fig. 1). Microinjection of very small 
quantities of Ang II into this circumventricular organ stimulates water drinking, 
and ablation of the subfornical organ prevents water drinking in response to 
systemically infused Ang II (Simpson and Routtenberg 1973; Simpson et al. 
1978). Moreover, the subfornical organ contains some of the highest densities of 
ATi receptors in the brain (Lenkei et al. 1997; Allen et al. 2000) and along with 
other circumventricular organs is devoid of a blood-brain barrier because it has 
a fenestrated capillary endothelium (McKinley et al. 1991). Ablation of the sub- 
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fornical organ in rats also prevents water drinking in response to stimuli that 
increase circulating levels of Ang II such as subcutaneous injection of the 
renergic agonist isoproterenol (Fitts 1994). The subfornical organ also mediates 
Ang Il-induced drinking in the dog (Thrasher et al. 1982). In the sheep, howev- 
er, ablation of the subfornical organ did not prevent the water drinking in re- 
sponse to systemically infused Ang II; it was suggested that the other circum- 
ventricular organ of the lamina terminalis, the organum vasculosum of the 
lamina terminalis (OVLT) may also play a role (McKinley et al. 1986). It should 
be pointed out that ablation of the subfornical organ has only a minor inhibito- 
ry effect, if any, on the drinking induced by intracerebroventricular (ICV) ad- 
ministration of Ang II (Lind and Johnson 1982), which must act mostly at an- 
other central site (discussed in Sect. 2.6, “Brain Sites for the Dipsogenic Action 
of the Centrally Administered Angiotensin” in this chapter). Atrial natriuretic 
peptide (ANP) injected into the subfornical organ inhibits Ang-induced drink- 
ing (Ehrlich and Fitts 1990), probably because it directly inhibits Ang-sensitive 
neurons in this site (Schmid and Simon 1992). 



2.4 

Effect of Angiotensin-Converting Enzyme Inhibitors on Drinking 

The subfornical organ (and the OVLT) of the rat contains extremely high con- 
centrations of angiotensin-converting enzyme (ACE), which enables Ang I de- 
rived from the circulation to be converted to Ang II locally within the subforni- 
cal organ and OVLT. This locally produced Ang II may be able to interact with 
the ATi receptors in the subfornical organ to mediate drinking behavior, and in- 
deed there is evidence to support this view. Early studies of the effects of ACE 
inhibitors on water drinking in the rat reported that there was a paradoxical en- 
hancement of drinking when the prototype ACE inhibitor SQ 20881 was admin- 
istered peripherally to rats in conditions where the renin-angiotensin system is 
stimulated (Lehr et al. 1974). Subsequent studies using other ACE inhibitors 
such as captopril and enalapril also reported enhanced water drinking by rats 
when these agents were administered orally or subcutaneously (Schiffrin and 
Genest 1982; Elfont and Fitzsimons 1983; Weisinger et al. 1988). The probable 
explanation of the water drinking caused by systemic administration of ACE in- 
hibitors is that the peripheral doses of ACE inhibitors are sufficient to block the 
conversion of circulating Ang I to Ang II, but not sufficient to block the very 
high concentrations of ACE within the subfornical organ and OVLT. Thus, circu- 
lating levels of renin and Ang I become greatly elevated due to lack of feedback 
inhibition of Ang II on the secretion of renin by the kidney. These high circulat- 
ing levels of Ang I can reach the interstitium of the subfornical organ and are 
converted there to Ang II, with subsequent stimulation of ATi receptors in the 
subfornical organ and water drinking. Evidence to support this view comes 
from observations that much greater peripheral doses of ACE inhibitors or di- 
rect injection of ACE inhibitor into the subfornical organ that will block ACE 
and therefore local production of Ang II in the subfornical organ and OVLT pre- 
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vent such water drinking (Thunhorst et al. 1989). Studies utilizing c-fos expres- 
sion as an indicator of neuronal activation show that dipsogenic doses of capto- 
pril or enalapril cause many neurons in the subfornical organ and OVLT to be 
activated, while this effect, and the enhanced drinking, is blocked by peripheral- 
ly administered ATi antagonist or by much higher peripheral doses of the ACE 
inhibitors (McKinley et al. 1997). 



2.5 

Dipsogenic Effects of Centrally Administered Angiotensin Peptides 

Numerous studies have shown that microinjection of Ang 11 into the lateral 
or third cerebral ventricle is a potent stimulus to water drinking in mammals 
(Epstein et al. 1970; Severs et al. 1971; Andersson et al. 1972; Abraham et al. 
1975; Fitzsimons and Kucharczyk 1978). Microinjection of Ang II into more spe- 
cific sites such as the anteroventral third ventricle wall (AV3V) region, median 
preoptic nucleus (O’Neill and Brody 1987), lateral preoptic region (Fitzsimons 
and Kucharczyk 1978), lateral hypothalamus (Tanaka et al. 2001), subfornical 
organ (Simpson and Routtenberg 1971) or hypothalamic paraventricular nucle- 
us (Jensen et al. 1992) has been reported to also stimulate drinking. Other com- 
ponents of the renin-angiotensin system - renin, the decapeptide Ang I, Ang- 
tetradecapeptide, and the heptapeptide Ang 2-8 (Ang III) also stimulate drink- 
ing behavior in the rat when injected centrally; however, the hexapeptide Ang 
3-8 is a much less effective dipsogen (Fitzsimons 1971). Centrally administered 
Ang III is equally as dipsogenic as Ang II in the rat and baboon (Wright et al. 
1985; Blair- West et al. 2001), but less so in the sheep (Weisinger et al. 1996). Bes- 
tatin, an inhibitor of aminopeptidase N, increases the half-life of Ang III in 
brain and has been shown to cause water drinking when administered intracere- 
broventricularly. It also potentiates the drinking response to centrally adminis- 
tered Ang II and Ang III. It was suggested that central conversion of Ang II to 
Ang III is necessary for Ang-induced drinking, and that in the brain, Ang III is 
a major endogenous dipsogenic peptide (Wright et al. 1988). 



2.6 

Brain Sites for the Dipsogenic Action of Centrally Administered Angiotensin 

As mentioned in the previous paragraph, injections of Ang II into various brain 
regions cause water drinking in rats. Johnson and Epstein (1975) pointed out 
that for the sites in the brain where microinjections of Ang were dipsogenic, the 
injector needle usually had to traverse a ventricular space, and they suggested 
that much of the drinking stimulated by central injection of Ang was due to 
leakage of Ang into the ventricular space. It was also shown that when Ang was 
injected centrally, if it was prevented from reaching the (AV3V) region by a cold 
cream plug placed in the anterior part of the third ventricle, the injection of 
Ang was not dipsogenic. Because ablation of the AV3V region, but not the sub- 
fornical organ, abolished the dipsogenic effect of ICV injection of Ang II, they 
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suggested that the AV3V rather than subfornical organ was the central site at 
which ICVAng II induced drinking (Buggy and Fisher 1975; Buggy and Johnson 
1977), a proposal also put forward by Andersson et al. (1975) as a result of stud- 
ies of periventricular lesions in goats. The entire anterior wall of the third ven- 
tricle, which includes the median preoptic nucleus, is rich in ATi receptors 
(Song et al. 1992; Lenkei et al. 1997). Neurochemical ablation of the MnPO abol- 
ishes drinking in response to ICV Ang II (Cunningham et al. 1992) and direct 
microinjection of Ang II into the MnPO stimulates drinking (O’Neill and Brody 
1987). Studies of immediate early gene expression also show that the MnPO is 
the main site in the AV3V that is stimulated by ICV injection of Ang II (Herbert 
et al. 1992; Lebrun et al. 1995; McKinley et al. 1995). Thus it likely that the 
MnPO is the major site in the AV3V region at which centrally administered Ang 
II acts to stimulate water drinking (Fig. 1). 



2.7 

Brain Angiotensin and Water Drinking 

The effectiveness of centrally administered Ang peptides in eliciting drinking 
raises the question as to whether Ang endogenous to the brain is a dipsogenic 
agent. All components of a renin angiotensin system, renin, angiotensinogen, 
ACE, Ang I, II, and III, and Ang receptors are present in several parts of the 
brain (Ganten et al. 1983; Brownfield et al. 1983; Stornetta et al. 1988; Bunne- 
mann et al. 1993; Dzau et al. 1996). An extensive angiotensinergic system of 
neurons and fibers has been mapped immunohisto chemically and Ang immu- 
noreactivity has been shown to be present in vesicles in synaptic profiles in rat 
brain (Lind et al. 1985; Oldfield et al. 1989). It has been proposed that some neu- 
ral inputs to the MnPO utilize Ang as a neurotransmitter (Johnson et al. 1996). 
Evidence that Ang that is intrinsic to the brain participates in the generation of 
thirst comes from studies in which various pharmacological agents have been 
used to block receptors that may respond to brain Ang or by inhibiting the pro- 
duction of Ang within the brain. 



2.8 

Effect of Centrally Administered Angiotensin Inhibitors on Drinking 

Several classes of pharmacological agents have been used centrally to block wa- 
ter drinking associated with Ang. These include both nonselective peptide an- 
tagonists, selective ATi and AT 2 receptor antagonists, ACE inhibitors and anti- 
sense oligonucleotides. 
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2.8.1 

Peptide Antagonists 

ICV administration of saralasin (Sar^-Ala^ Ang II) was initially used to block 
drinking in response to either peripherally or centrally administered Ang II 
(Abraham et al. 1976). While some investigators reported that ICV administra- 
tion of saralasin could block drinking in response to water deprivation (Malvin 
et al. 1977), the majority of reports did not (Abraham et al. 1976; Lee et al.l981). 
Peptide Ang-analogue antagonists used in combination with muscarinic block- 
ade suppressed water drinking in response to a dehydrative stimulus (Hoffmann 
et al. 1978). Because blood levels of Ang II increase in dehydrated animals, these 
experiments do not delineate whether it was centrally or peripherally derived 
Ang that was blocked. 



2.8.2 

Non-peptide Antagonists 

ICV administration of ATi receptor antagonists (losartan, valsartan), at doses 
that do not escape into the periphery, have been consistently shown to exert a 
powerful block on water drinking in response to centrally administered Ang II 
(Fregly and Rowland 1991; Beresford and Fitzsimons 1992; McKinley et al. 
1996), consistent with the presence of high densities of ATi receptors in the 
MnPO, a brain region crucial for Ang-stimulated drinking. Some centrally ad- 
ministered AT 2 antagonists have also been reported to block drinking in re- 
sponse to ICV Ang II (Rowland et al. 1992; Cooney and Fitzsimons 1993). How- 
ever, the effective molar doses were higher than for ATi antagonists, and several 
investigators did not observe inhibition of the Ang-stimulated drinking re- 
sponse with PD 1233 19, a widely used AT 2 antagonist (Beresford and Fitzsimons 
1992; McKinley et al. 1996; Blair- West et al. 1997). 

In addition to its blockade of drinking in response to centrally administered 
Ang, ICV losartan has been shown to block the water drinking that is stimulated 
by centrally administered hypertonic saline in several species (Blair- West et al. 
1993; Mathai et al. 1996). It did not block drinking to intravenous infusion of 
hypertonic NaCl (Mathai et al. 1996). ICV losartan also inhibited the water in- 
take stimulated by the administration of the hormone relaxin by either a pe- 
ripheral or central route (Sinnayah et al. 1998; McKinley et al. 2001), as did ICV 
saralasin (Summerlee and Robertson 1995). It is unlikely that circulating Ang II 
levels were increased by the dipsogenic stimuli used in these experiments; there- 
fore it seems likely that central stimulation with hypertonic saline or relaxin ac- 
tivates brain angiotensinergic pathways that participate in thirst mechanisms. 
This is in parallel with the role that such angiotensinergic pathways may play in 
the pressor response or vasopressin secretion stimulated by centrally adminis- 
tered hypertonic saline or relaxin (Rohmeiss et al. 1996; Geddes et al. 1994). 
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2.8.3 

Antisense Oligonucleotides 

Further support for the idea that brain-derived Ang II mediates dipsogenic re- 
sponses comes from results using antisense oligonucleotides directed against an- 
giotensinogen production in the brain. ICV administration of an 18mer antisense 
oligonucleotide complementary to the translation start codon region of angio- 
tensinogen mRNA for 24 h caused a reduction in the drinking response to cen- 
trally administered hog renin in rats. Equivalent doses of mismatch or scrambled 
oligonucleotides did not, suggesting that less angiotensinogen was available to be 
cleaved to Ang peptides in the brain (Sinnayah et al. 1998). As well, such anti- 
sense treatment also caused a large reduction in the drinking response to subcu- 
taneously administered isoproterenol, but not to several other dipsogenic stimuli 
that included water deprivation and ICV carbachol (Sinnayah et al. 1998). These 
results show that antisense treatment did not nonspecifically depress behavior, 
and also that circulating Ang II, which mediates isoproterenol-induced drinking, 
utilizes Ang that is synthesized in the brain in the neural pathways subserving its 
dipsogenic action. It has also been shown that ICV treatment with an antisense 
molecule directed against synthesis of the ATi receptor reduces the dipsogenic 
response to ICV Ang II (Sakai et al. 1994; Meng et al. 1994). 

3 

Sodium Appetite 



3.1 

Effect of Peripherally or Centrally Administered Angiotensin on Sodium Appetite 

The administration of Ang II either directly into the brain of the rat, or periph- 
erally, causes an increase in the appetite for NaCl (Buggy and Fisher 1974; 
Findlay and Epstein 1980; Bryant et al. 1980). Peripheral administration of renin 
or isoproterenol, which increase the blood levels of endogenous Ang II, do not 
initially stimulate a salt appetite; however, after repeated administration over 
days, a salt hunger is observed (Bryant et al. 1980). In other species that have 
been studied such as the sheep, mice and baboon, ICV administration of renin 
or Ang II increases the intake of hypertonic salt solution (Coghlan et al. 1981; 
Denton et al. 1990; Blair- West et al. 1998), although in the sheep there was evi- 
dence that a sodium deficit secondary to the natriuretic effect of ICV Ang II 
may have been the stimulus for the increased salt intake (Coghlan et al. 1981; 
Weisinger et al. 1986). The intake of NaCl in response to centrally administered 
Ang II, is significantly potentiated by simultaneously administered aldosterone 
(Fluharty and Epstein 1983; Sakai 1986), leading to the proposal that brain Ang 
acts in synergy with aldosterone to mediate the hunger for salt that may occur 
in sodium-depleted animals. Such a synergistic action between Ang and aldo- 
sterone has also been reported to occur in the pigeon (Massi and Epstein 1990) 
and baboon (Shade et al. 2002). 
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3.2 

Effect of ACE Inhibitors and Angiotensin Antagonists on Salt Appetite 

Similar to the enhancement of water drinking that occurs in the rat following 
peripheral treatment with captopril, the intake of NaCl in Na-replete (Fregly 
1980; Evered and Robinson 1983; Elfont et al. 1984), Na-depleted (Moe et al. 
1984; Weisinger et al. 1988), adrenalectomized (Elfont and Fitzsimons 1981) or 
hypovolemic (Strieker 1983) rats is increased by peripherally administered cap- 
topril or enalapril at 0.05-0.5 pg/kg. Treatment of rats with higher doses of cap- 
topril or enalapril (50-100 mg/kg) caused a reduction of NaCl intake in Na-de- 
pleted or adrenalectomized rats (Elfont and Fitzsimons 1981; Di Nicolantonio et 
al. 1982; Moe et al. 1984; Weisinger et al. 1988). These data have led to the sug- 
gestion that low doses of captopril, which may block peripheral but not central 
ACE, cause high levels of Ang I peripherally, which are then converted to Ang II 
centrally, because insufficient amounts of the ACE inhibitors reach the brain. 
On the other hand, the higher doses of captopril or enalapril block both periph- 
eral and central ACE, and therefore the inhibition of Ang II formation in the 
brain inhibits salt appetite (Evered et al. 1980; Moe et al. 1984). 

Further support for a physiological role of brain Ang II in the salt appetite of 
Na-depleted rats came from studies using the peptide antagonist, sarile, which 
blocks both ATi and AT 2 receptors. Sakai et al. (1990) observed that peripherally 
administered Ang II did not stimulate a sodium appetite, whether administered 
alone or in combination with mineralocorticoid treatment, whereas centrally 
administered Ang II was effective in this regard. They also showed that inhibi- 
tion of Ang receptors by peripheral administration of the Ang antagonist sarile 
did not inhibit salt intake in Na-depleted rats, whereas centrally administered 
sarile was effective. This prompted these investigators to propose that brain Ang 
rather than circulating Ang mediated salt appetite (Sakai et al. 1990). 

In double transgenic mice that expressed the human renin gene and also ex- 
pressed the human angiotensinogen gene under the control of a neuron-specific 
promoter synapsin I, there was an increase in their preference for salt (Morimoto 
et al. 2002a), suggesting that neurally generated Ang in the brain plays a role in 
the generation of sodium appetite. When the human angiotensinogen gene was 
placed under the control of a glial-specific promoter (glial fibrillary acid pro- 
tein) in transgenic mice expressing human renin, the salt preference of these an- 
imals was also elevated (Morimoto et al. 2002b). These data indicate that cen- 
trally generated Ang in both glia and neurons may have a role in sodium appe- 
tite in mice. 

Studies with ACE inhibitors in ruminants, however, showed that circulating 
Ang II may be an important factor in the genesis of salt appetite in sodium-de- 
pleted animals. In both the sheep and cow, systemically administered captopril 
did cause a large inhibition of Na intake in Na-depleted animals, and it was 
found that intravenously infused Ang II at relatively low doses restored the Na 
appetite of these ACE-treated Na-depleted animals. Centrally infused Ang II did 
not restore the sodium appetite of such animals. It was suggested that blood- 
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borne Ang II acting on Ang receptors outside the blood-brain barrier, such as 
those in circumventricular organs, stimulated a hunger for salt in these animals 
(Weisinger et al. 1987; Blair- West et al. 1988). Following these studies, systemi- 
cally infused Ang II has been shown to be effective in restoring the sodium ap- 
petite of captopril-treated rats that had been sodium depleted by furosemide ad- 
ministration or adrenalectomy (Thunhorst et al. 1994; Weisinger et al. 1996; 
Schloorlemmer et al. 2001), suggesting that the rat, like the ruminant species, 
utilizes circulating Ang II as a signal to the brain to initiate a sodium appetite. 



3.3 

Brain Regions Mediating Influences of Angiotensin on Sodium Appetite 

Following suggestions that circulating Ang II may act on circumventricular 
organs to stimulate sodium appetite, it was shown in the rat that ablation of 
the subfornical organ did cause a reduction in salt intake in salt-deficient rats 
(Weisinger et al. 1990; Thunhorst et al. 1990). However, in these rats, the Ang- 
dependent enhanced salt intake that occurs in response to the combination of 
sodium depletion and a low dose of captopril was not affected by ablation of the 
subfornical organ (Weisinger et al. 1990). As well, while microinjection of Ang 
II directly into the subfornical organ rapidly stimulates water drinking, it does 
not normally stimulate a salt appetite (Fitts et al. 2000). On the other hand, the 
other circumventricular organ of the lamina terminalis, the OVLT, may play an 
important role in Ang-mediated sodium appetite (Fig. 1). Injection of Ang II 
into the region of the OVLT stimulates an increase in salt intake in rats (Fitts et 
al. 2000), and ablation of the ventral lamina terminalis, which includes the 
OVLT, depresses the salt intake of sodium-depleted rats (Chiaraviglio 1984, Fitts 
et al. 1990) and also reduces the enhancement of salt appetite caused by treat- 
ment with oral doses of captopril (Fitts et al. 1990). 

Ablation of the bed nucleus of the stria terminalis or the central nucleus of 
the amygdala also prevents increased sodium intake in sodium-depleted rats, 
suggestive that these regions have a physiological role in Ang-mediated sodium 
appetite (Galaverna et al. 1992; Johnson et al.l999). Several of the above-men- 
tioned brain regions are also implicated by studies of immediate early gene ex- 
pression in the rat brain in response to sodium depletion. Expression of c-fos in 
rats depleted of sodium chloride by either peritoneal dialysis or by treatment 
with the diuretic, furosemide, indicates that an increase in activity of neurons in 
the subfornical organ, OVLT, the central nucleus of the amygdala and bed nucle- 
us of the stria terminalis, and the hypothalamic paraventricular and supraoptic 
nuclei occurs (Vivas et al. 1996; Thunhorst et al. 1998; Rowland et al. 1996). 
These regions are also activated by systemically infused Ang II (McKinley et al. 
1992). 
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4 

Vasopressin Secretion 



4.1 

Effect of Systemically Infused Angiotensin on Vasopressin Secretion 

Included in the spectrum of responses that circulating Ang II is able to elicit via 
an action on the central nervous system, is secretion of the antidiuretic hor- 
mone vasopressin. Intravenously infused Ang II or renin was shown to increase 
the blood levels of vasopressin in dogs (Bonjour and Malvin 1970; Mouw et al. 
1971; Reid et al. 1982; Ramsay et al. 1978; Thrasher 1985) by some but not all 
investigators who studied this question (Shade and Share 1975; Cadnapathornchai 
et al. 1975; Claybough et al. 1972). 

Some of the investigators who did observe systemic infusions of Ang II at 
rates of 5-40 ng/kg/min to stimulate vasopressin secretion did not observe such 
an effect at higher infusion rates (Bonjour and Malvin 1970). As pointed out in 
several of the above publications, one of the factors that comes into play with 
systemic infusions of Ang II is the inhibitory influence that baroreceptor activa- 
tion may have on vasopressin secretion that would be a consequence of the con- 
comitant increase in arterial pressure. Other influences may also affect Ang 
Il-induced vasopressin secretion. For instance, it has been observed that intra- 
venous infusion of Ang II at 20 ng/kg/min progressively increases plasma vaso- 
pressin concentration over 60 min of infusion if dogs are not allowed to drink 
water. If dogs are allowed access to fluid and drink water in response to this rate 
of infusion, no increase in plasma vasopressin levels occurs (Ramsay et al. 
1988). In some studies investigating the effects of systemically infused Ang II 
on vasopressin secretion, dogs were either water loaded or anesthetized 
(Cadnapathornchai et al. 1975; Shade and Share 1975), and these factors may 
have influenced the release of vasopressin. 

Several studies have consistently shown that intravenous infusion of Ang II at 
20 ng/kg/min in conscious dogs will stimulate increases in plasma vasopressin 
levels (Reid et al. 1982; Thrasher 1985; Ramsay et al. 1988). Reid et al. (1982) 
considered that the blood levels of Ang II required to stimulate vasopressin se- 
cretion were probably supraphysiological. Their observation that infusion of 
Ang II into carotid artery was a more effective stimulus to vasopressin secretion 
than the same dose administered into the femoral vein indicated that it was like- 
ly that Ang II acted directly on the brain to stimulate vasopressin secretion, a 
conclusion also reached by Mouw et al. (1971). 

The initial studies in human subjects (uremic patients) were unable to 
show that intravenously infused Ang II stimulated the release of vasopressin 
(Hammer et al. 1980). However, more recently it has been shown that intra- 
venously infused Ang II at 4-16 ng/kg/min increased plasma vasopressin con- 
centrations in normal males (Chiodera et al. 1998), a response blocked by losar- 
tan, indicating that circulating Ang II acts on ATi receptors to stimulate vaso- 
pressin secretion (Chiodera et al. 1998). 
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4.2 

Role of the Subfornical Organ and OVLT 

For circulating Ang II to stimulate the secretion of vasopressin, it would be nec- 
essary for it to act on Ang II receptors that are on neurons accessible from the 
blood-stream, and connected (either directly or polysynaptically) to the vaso- 
pressin-secreting neurons of the hypothalamic supraoptic and paraventricular 
nuclei. Both the subfornical organ and OVLT have direct efferent connections to 
the supraoptic and paraventricular nuclei (Miselis et al. 1979). The two circum- 
ventricular organs may also connect to the neurosecretory cells of the supraop- 
tic and paraventricular nuclei via a synaptic relay in the MnPO (Tanaka et al. 
1997; Oldfield et al. 1990). As previously noted, neurons within the subfornical 
organ are rich in Ang II ATi receptors (Lenkei et al. 1997; Allen et al. 2000) and 
electrophysiological evidence in rats has shown that neurons within the subfor- 
nical organ that have efferent connections to the supraoptic and paraventricular 
nuclei are directly activated by blood-borne Ang II (Ferguson and Renaud 1986, 
Gutman et al. 1988; Tanaka et al. 1985). It is also likely that blood-borne Ang II 
may stimulate the indirect pathway from the subfornical organ to the paraven- 
tricular nucleus via a relay in the MnPO (Tanaka et al. 1987). 

Further evidence that Ang receptors in the subfornical organ of the rat relay 
signals to the vasopressin-containing neurons of the hypothalamus comes from 
the study of lesions of the subfornical organ in this species. Ablation of the 
subfornical organ or transection of its efferent fibers in the rat caused an atten- 
uation in the vasopressin released in response to systemic infusion of Ang II 
(Mangiapane et al. 1984; Knepel et al. 1982). Consistent with the concept of the 
subfornical organ being a site for circulating Ang II to influence vasopressin se- 
cretion is evidence from experiments investigating c-fos expression. Intra- 
venously infused Ang II activates many neurons in the subfornical organ and 
the OVLT of conscious rats, as indicated by increased Fos immunoreactivity in 
these CVOs (McKinley et al. 1992). A significant proportion of the neurons in 
the subfornical organ that are activated by circulating Ang II have direct efferent 
projections to the supraoptic nucleus (Oldfield et al. 1994). These experiments 
also showed that neurons in the OVLT that project to the supraoptic nucleus are 
also stimulated by blood-borne Ang II. The fraction connecting to the supraop- 
tic nucleus was less than that in the subfornical organ. 

In regard to neurons in the OVLT mediating Ang Il-stimulated vasopressin 
release, ablation of this CVO prevents vasopressin secretion in response to cir- 
culating Ang II in the dog (Thrasher 1985). It was proposed that the reason that 
OVLT lesions abolished Ang Il-stimulated AVP secretion may have been because 
it removes a major facilitatory input to the median preoptic nucleus. This could 
lead to the threshold for excitatory input from the subfornical organ to the me- 
dian preoptic nucleus being increased, with this latter site relaying signals on to 
vasopressin secreting cells (Thrasher 1985). 

ANP has an inhibitory effect on Ang- stimulated vasopressin release 
(Antunes-Rodrigues et al. 1985). This may be the result of the action of ANP 
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directly inhibiting Ang-sensitive neurons in the subfornical organ (Schmid and 
Simon 1992) and possibly other regions of the brain as well. 



4.3 

Effects of Centrally Administered Angiotensin on Vasopressin Secretion 

While the effects of systemically infused Ang II on vasopressin secretion were 
somewhat equivocal, this is not the case with the effect of ICV administration of 
Ang II on vasopressin release and urine output. Many investigators in a variety 
of species have demonstrated that ICV infusion of Ang II or renin causes a 
marked reduction in urine output, renal free water clearance and increased ur- 
ine osmolality in water-loaded animals (Severs et al. 1971; Hoffman et al. 1979; 
Andersson et al. 1972; Malayan and Reid 1976). This is almost certainly due to 
release of vasopressin because plasma AVP levels increase following an ICV in- 
fusion of Ang II or renin (Keil et al. 1975; Malayan et al. 1979; Yamaguchi et al. 
1980). The effect of ICV infusion of Ang II to stimulate vasopressin release was 
inhibited by central administration of an aminopeptidase A inhibitor EC33, 
which prevents the conversion of Ang II to Ang III (Zini et al. 1996). These re- 
searchers also showed that ICV administration of an aminopeptidase N inhibi- 
tor, EC27, which prevented Ang III degradation, increased plasma vasopressin 
levels, this effect being inhibited by concomitant administration of saralasin. 
They proposed that Ang III is an important effector peptide for brain Ang 
mechanisms stimulating vasopressin secretion (Zini et al. 1996). 



4.4 

Site of Action of ICV Angiotensin to Stimulate Vasopressin Secretion 

In regard to the brain sites at which ICV Ang II acts to stimulate vasopressin se- 
cretion, it seems likely that the MnPO is of particular importance. Ablation of 
the AV3V region blocks antidiuresis and vasopressin release in response to ICV 
infusion of Ang II in goats and rats, even though the vasopressin secreting neu- 
rons of the supraoptic and paraventricular nuclei are intact (Andersson et al. 
1975; Bealer et al. 1979). This AV3V region encompasses a considerable part of 
the MnPO, which is a site of high-density ATi receptors, and ablation of the 
MnPO alone also prevents vasopressin secretion in response to ICV infusion of 
Ang II (Mangiapane et al. 1983). Neurons in the MnPO are directly sensitive to 
iontophoretically applied Ang II (Tanaka et al. 1987) and a tetrodo toxin-sensi- 
tive inward current in response to Ang II in was noted in voltage clamp record- 
ings (Bai and Renaud 1998). ICV Ang II has been shown to strongly activate 
neurons in the MnPO, as shown by increased Eos immunoreactivity (McKinley 
et al. 1995) and neurons within this nucleus have efferent projections to vaso- 
pressin-secreting neurons of the supraoptic nucleus (Miselis 1981). It is unlikely 
that circulating Ang II has access to the MnPO because of the presence of the 
blood-brain barrier. Therefore Ang II that is generated within the brain is the 
likely endogenous ligand for ATi receptors in this nucleus that influences vaso- 
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pressin release. Microinjection of losartan or cholinergic antagonists into the 
hypothalamic paraventricular nucleus also suppressed vasopressin release in re- 
sponse to non-pressor doses of ICV hypertonic saline, suggesting the paraven- 
tricular nucleus is also a site at which brain Ang mediates vasopressin release 
(Qadri et al. 1998). 



4.5 

Effect of Centrally Administered Inhibitors on Vasopressin Secretion 

Initial studies of Ang antagonists used ICV administration of the nonselective 
Ang receptor antagonist saralasin. In rats, ICV administration of 10-100 ng 
saralasin blocked the increase in plasma vasopressin that occurs in response 
to ICV injection of Ang II (Yamaguchi et al. 1980; Keil et al. 1983). Yamaguchi 
and colleagues also showed that centrally administered saralasin (1 pg) reduced 
the plasma vasopressin levels of rats that had been water deprived, made hypo- 
volemic by subcutaneous injection of polyethylene glycol, or injected with hy- 
pertonic saline (Yamaguchi et al. 1980, 1982). However, ICV injection of sarile 
(0.5-10 pg) did not reduce the vasopressin response to 24-72 h water deprivation 
or to hypertonic saline administration in rats, although when combined with 
ICV atropine, a 30% reduction in vasopressin levels in response to 48 h water 
deprivation was observed, leading to speculation that while central Ang is of sig- 
nificance for AVP release, redundancy exists in the central integrative mecha- 
nisms controlling vasopressin secretion (Keil et al. 1983). In vitro studies of hy- 
pothalamic explants showed that the osmotic stimulation of AVP release was in- 
hibited by the addition of saralasin to the bathing medium, suggesting central 
Ang mediation of osmotically stimulated vasopressin release (Sladek and Joynt 
1980). 

In the last decade, specific inhibition of ATi or AT 2 receptors has been 
achieved by the central administration of either non-peptide receptor antago- 
nists or antisense oligonucleotides. In rats and sheep, central administration of 
losartan blocked vasopressin secretion in response to centrally administered 
Ang II (Hogarty et al. 1992; Mathai et al. 1998); however, it was reported that 
ICV administration of an AT 2 antagonist also inhibited this response (Hogarty 
et al. 1992). Further evidence to support a role for ATi receptors in vasopressin 
secretion comes from studies showing that central administration of an anti- 
sense oligonucleotide to the ATi mRNA blocked vasopressin secretion to ICV 
Ang II (Meng et al. 1994). In addition, mice in which the gene for the ATi recep- 
tor had been deleted failed to increase vasopressin levels in response to water 
deprivation (Morris et al. 1999). This result would be consistent with studies 
showing that ICV administration of losartan can inhibit vasopressin secretion 
in response to centrally administered hypertonic saline (Hogarty et al. 1984; 
Rohmeiss et al. 1996; Mathai et al. 1998) and suggests that an angiotensinergic 
synaptic relay is involved in the osmotic stimulation of vasopressin secretion. 
Transgenic rats in which expression of an antisense nucleotide sequence re- 
duced glial angiotensinogen production in the brain by more than 90% show 
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impaired vasopressin secretion (Schinke et al. 1999). This results in a moderate 
form of diabetes insipidus, suggesting that brain Ang plays a role in the tonic 
release of vasopressin in rats. 

5 

Sodium Excretion 

Unlike circulating Ang II, which promotes sodium retention by the kidney sec- 
ondarily to aldosterone secretion, brain Ang II appears to promote the excretion 
of electrolytes. The main data supporting this contention comes from studies 
showing that ICV administration of Ang II causes a rapid and large increase in 
renal Na excretion in rats, goats, sheep, and dogs (Severs et al. 1970; Andersson 
et al. 1972; Coghlan et al. 1981). The natriuresis stimulated by ICV injection of 
Ang II is associated with a reduction in plasma renin concentration (Malayan 
and Reid 1979), an increase in arterial pressure (Andersson et al. 1972), in- 
creased plasma vasopressin levels (McKinley et al. 1998) and a reduction in re- 
nal sympathetic nerve activity (May et al. 2000), all factors that promote a natri- 
uresis. The natriuretic effect of centrally administered Ang II is blocked by 
losartan pretreatment, indicating ATi receptors mediate this effect. Ablation of 
tissue in the lamina terminalis disrupts the natriuretic response to ICV Ang II 
(Andersson et al. 1975), indicating the likelihood that it is the ATi receptors in 
the lamina terminalis that are responsible for initiating the response. As well as 
inhibiting the natriuretic response to centrally administered Ang II, pretreat- 
ment with ICV administered losartan also prevents the natriuretic response to 
ICV infusion of hypertonic saline (McKinley et al. 1994; Rohmeiss et al. 1996), 
indicating that a central angiotensinergic neural pathway may subserve brain 
natriuretic mechanisms. The natriuretic effect of ICV Ang II is blocked by con- 
comitant ICV injection of atrial natriuretic factor (Rohmeiss et al. 1989), sup- 
porting the view that central atrial natriuretic factor is inhibitory to many of 
the actions of Ang in the brain. 
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Abstract The brain contains both major subtypes of angiotensin receptors, the 
angiotensin type 1 (ATi) and angiotensin type 2 (AT2) receptors. This chapter 
begins with a review of the distribution of these receptor subtypes in the brain 
and continues with a discussion of their physiological and behavioral functions, 
from which it is clear that the ATi and AT2 receptors mediate very different cen- 
tral actions of angiotensin II (Ang II). However, the primary focus of this chap- 
ter is a discussion of the mechanisms through which Ang II, acting via AT] and 
AT2 receptors, can produce rapid alterations in neuronal activity and ultimately 
functional changes. Hence, we review the studies that have demonstrated elec- 
trophysiological actions of Ang II in the brain, and then focus on the specific 
intracellular signaling molecules that link the angiotensin receptor subtypes to 
changes in the activity of neuronal membrane ionic currents and firing rate. 
From this discussion it is clear that the intracellular signaling mechanisms that 
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couple ATi and AT 2 receptors to changes in neuronal activity are vastly differ- 
ent. When taking a broader view of Ang II actions in neurons, it is evident that 
the signaling molecules responsible for regulation of neuronal activity represent 
only a few of the intracellular pathways that are modulated by this peptide. 

Keywords Angiotensin • Angiotensin type 1 receptor • Angiotensin type 2 
receptor • Intracellular signaling • Neuronal activity • Brain 

1 

Introduction 

One of the most striking physiological actions elicited by a naturally occurring 
substance is the drinking behavior produced by brain application of angiotensin 
II (Ang II) (reviewed by Fitzsimons 1998). This observation, along with the 
demonstration that Ang II increases blood pressure and hormone release via ac- 
tions in the CNS, has led to decades of research investigating the brain renin- 
angiotensin system (De Gasparo et al. 2000). A major focus of this research has 
been the localization, whole body physiological functions and cellular actions of 
specific Ang II receptors in the CNS, an area that was greatly expanded with the 
discovery of the angiotensin type 1 (ATi) and angiotensin type 2 (AT 2 ) receptor 
subtypes (Chiu et al. 1989; Whitebread et al. 1989). This chapter will begin with 
a brief overview of the expression and known physiological and behavioral 
functions of Ang II receptor subtypes in the CNS. However, the primary focus 
will be the intracellular processes by which Ang II elicits rapid changes in neu- 
ronal activity, which are thought to result in behavioral or physiological func- 
tions. Specifically, we discuss intracellular signaling mechanisms that link the 
ATi and AT 2 receptors to changes in the activity of neuronal membrane ionic 
currents and firing rate. Lastly, we will introduce the fact that many of the Ang 
II receptor-induced signaling mechanisms in neurons are not related to changes 
in neuronal activity; rather, they control longer-term actions of this peptide in 
neurons such as genomic or post-translational effects. While it will be apparent 
that much progress has been made, we have barely scratched the surface in un- 
derstanding the central actions of Ang II at the cellular level in neurons, and 
decades of work still remain. 

2 

Angiotensin Receptors in the Brain 



2.1 

The Presubtype Era 

It has been known since the 1960s that Ang II acts within the brain to elicit a 
pressor response and drinking behavior. (Booth 1968; Fitzsimons and Simons 
1969; Buckley 1972). The first demonstrations of specific receptors for Ang II in 
the brain came a decade later, when receptor binding studies revealed high lev- 
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els of Ang Il-specific binding in large brain areas such as the hypothalamus, 
thalamus, septum and midbrain (Sirett et al. 1977; Baxter et al. 1980). This dis- 
tribution was consistent with the pressor and dipsogenic actions of Ang II, since 
these brain regions contain cardiovascular and thirst control centers. Later stud- 
ies provided a more detailed picture of Ang II receptor distribution in the brain. 
For example, receptor autoradiography was used to localize Ang Il-specific 
binding sites to circumventricular organs such as the subfornical organ, area 
postrema and organum vasculosum of the lamina terminalis, which can be in- 
fluenced by circulating Ang II. The same technique was used to demonstrate 
high levels of Ang II receptors within intrinsic brain nuclei, which are not ac- 
cessed by blood-borne Ang II, such as the paraventricular nucleus, locus ceru- 
leus and nucleus of the solitary tract (Van Houten et al. 1980; Harding et al. 
1981; Mendelsohn et al. 1984). Low levels of Ang II receptor binding were also 
demonstrated in areas that are not directly involved in fluid balance or blood 
pressure regulation, such as the striatum and limbic structures. These early 
studies measured total (ATi + AT 2 ) Ang II receptors and demonstrated wide- 
spread distribution. More recent studies indicate that this distribution pattern is 
due to mostly separate localization of ATi and AT 2 receptor subtypes, as dis- 
cussed in the next section. 



2.2 

Subtypes and Distribution 

As described in the previous section, the presence of specific Ang II receptors 
within the brain was established during the 1970s and 1980s. Furthermore, a 
large number of physiological studies had demonstrated that these were func- 
tional receptors, based upon the ability of Ang II to modulate neuronal electro- 
physiological properties, fluid intake and blood pressure (reviewed by Phillips 
and Sumners 1998). The occurrence in mammalian tissues of two major sub- 
types of Ang II receptor was based on differential affinities for pharmacological 
agents (Chiu et al. 1989; Whitebread et al. 1989; Timmermans et al. 1993). The 
ATi receptor subtype has a high affinity for a series of non-peptide antagonists 
that include losartan, valsartan, candesartan and irbesartan, whereas the AT 2 re- 
ceptor specifically binds PD123,319 or the peptide CGP42112A (De Gasparo et 
al. 2000). Subsequent cloning studies and analysis of the protein sequence pre- 
dicted that both ATi and AT 2 receptors would be G-protein coupled. While sim- 
ilar in size (359 amino acids for ATi vs 363 amino acids for AT 2 receptors) these 
receptors are only 32%-34% identical with respect to amino acid sequence 
(Murphy et al. 1991; Sasaki el at. 1991; Kambayashi et al. 1993; Mukoyama et al. 
1993). It is also clear that rodents contain two highly homologous subtypes of 
the ATi receptor, termed ATia and ATib receptors (Iwai et al. 1992; Kakar et al. 
1992). Based upon the results of radioligand binding, quantitative autoradiogra- 
phy, immunostaining and in situ hybridization approaches, there appears to be 
discrete and mostly exclusive localization of ATi and AT 2 receptors in rat brain 
(Gehlert et al. 1990; Rowe et al. 1990; Obermuller et al. 1991; Tsutsumi and 
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Saavedra 1991; Song et al. 1992; Lenkei et al. 1997; Von Buhlen und Halback and 
Albrecht 1998; Hu et al. 2002). Numerous studies have indicated that central ATi 
receptors mediate the cardiovascular and fluid balance effects of Ang II in the 
brain (reviewed by Phillips and Sumners 199;, De Gasparo et al. 2000). The dis- 
tribution of ATi receptors in adult rat brain is consistent with these functions. 
High concentrations of these sites are localized in nuclei such as the median 
preoptic nucleus, paraventricular nucleus, rostral ventrolateral medulla, NTS 
and within circumventricular organs such as the subfornical organ, organum 
vasculosum of the lamina terminalis and area postrema. These areas are devoid 
of AT 2 receptors. It should also be noted that adult rats have ATi receptors in 
areas not directly linked to fluid balance or blood pressure control, e.g., several 
limbic structures (Lenkei et al. 1997; Von Bohlen und Halbach and Albrecht et 
al. 1998). 

In contrast, in adult rats the highest concentrations of AT 2 receptors are 
localized in areas that are involved in sensory and motor functions, such as 
the inferior olive, various thalamic nuclei, and the subthalamic nucleus. The 
presence of AT 2 receptors in the amygdala may suggest a role in fluid intake 
(Johnson and Thunhorst 1997). There is very little overlap between ATi and AT 2 
receptors in brain areas, but two notable areas of co-localization are the amyg- 
dala and the locus ceruleus (Speth et al. 1991; Lenkei et al. 1997). One striking 
observation concerning the distribution of brain Ang II receptors is that the 
AT 2 receptors are widespread in neonatal CNS, only to decline to a more re- 
stricted pattern of expression in adults (Tsutsumi and Saavedra 1991). In con- 
trast, ATi receptor expression appears to develop later in neonatal life and per- 
sists at higher levels than AT 2 receptors in adult brain (Nuyt et al. 2001). 

A number of investigators have determined that the functional effects of Ang 
II in the brain are dependent upon its modulation of other neuronal systems. 
More specifically, it is clear that the ATi receptor-mediated effects of Ang II on 
cardiovascular regulation and fluid balance may involve direct modulation of 
catecholamergic, glutamate, GABA and substance P-containing neurons (Stadler 
et al. 1992; Dampney et al. 1996; Diz et al. 1998; Zhu et al. 1998; Tanaka et al. 
2001; Hu et al. 2002). Consistent with these observations are data which indicate 
that ATi receptors are co-localized with catecholaminergic neurons in the me- 
dulla oblongata (Yang et al. 1997; Hirooka et al. 1996; Hu et al. 2002) and locus 
ceruleus (Speth et al. 1991), and with glutamate and GABA neurons in the ros- 
tral ventrolateral medulla (Hu et al. 2002). Based on the regional distribution, 
functional and co-localization studies, the impression might be that ATi and 
AT 2 receptors are restricted entirely to neurons. However, numerous in vitro 
studies have demonstrated the presence of specific functional ATi receptors in 
astrocyte glia cultured from rat brain (Sumners et al. 1991; Tallant and Higson 
1997; Gebke et al. 1998; Muscella et al. 2000). The recent observations that ATi 
receptors are present on astrocytes in white matter tracts in adult rat cerebellum 
and periventricular region (Fogarty and Matute 2002) and in corpus callosum of 
postnatal mice (Bernstein et al. 1996) may indicate that glial cells have an im- 
portant role in Ang II actions in the CNS in vivo. 
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2.3 

Physiological and Behavioral Functions of Brain Ang II Receptors 

The most well-known physiological actions of Ang II that are mediated by its 
brain receptors are regulatory effects on fluid balance and cardiovascular func- 
tion. These actions include stimulatory effects of Ang II on water and sodium 
intake, vasopressin secretion, blood pressure, and sympathetic outflow, and 
modulation of baroreflex sensitivity (Fitzsimons 1998; Saavedra 1999; Averill 
and Diz 2002, McKinley et al. 2001; Zucker 2002). The majority of evidence indi- 
cates that these effects of Ang II are mediated by ATi receptors within specific 
hypothalamic and brainstem nuclei (Phillips and Sumners 1998; De Gasparo et 
al. 2002). ATi receptors in the subfornical organ, organum vasculosum of the 
lamina terminalis and median preoptic nucleus have a major role in the dipso- 
genic response, while AT i receptors in the paraventricular nucleus, rostral ven- 
trolateral medulla and nucleus of the solitary tract are involved in the cardiovas- 
cular actions of this peptide. For example, injection of Ang II into the rostral 
ventrolateral medulla elicits an ATi receptor-mediated increase in sympathetic 
activity and blood pressure (Dampney et al. 2002). Studies from Davisson et al. 
(2000) using knockout mice indicate that the Ang Il-induced drinking response 
requires ATib receptors while the pressor actions of centrally-injected Ang II is 
mediated by ATia receptors. While it is clear that ATi receptors have a primary 
role in the dipsogenic action of Ang II via the brain, a number of studies suggest 
that brain AT 2 receptors are important in mediating responses to thirst stimuli 
such as water deprivation and hypovolemia (Rowland and Fregly 1993; Hein et 
al. 1995; Lee et al. 1996). This implies that central AT 2 receptors may be a com- 
ponent of the final common neural pathway for drinking. Aside from the cen- 
trally mediated actions of Ang II on fluid homeostasis and cardiovascular con- 
trol, a number of more recent studies indicate that this peptide has a role in the 
control of learning and memory and certain behaviors (for review see Card 
2002). For example, Ang II has a role in exploratory behavior (Ichiki et al. 
1995), increases the acquisition of conditioned avoidance behavior (Braszko 
2002) and inhibits sexual behavior in male rats (Breigeron et al. 2002). Thus, 
these studies are beginning to identify functions for the Ang II receptors that 
are localized outside the hypothalamus and brainstem regions. 

In summary, Ang II has a number of important physiological effects that are 
controlled by specific receptor-mediated activation of neuronal pathways in the 
brain. The cellular bases of these physiological effects are modulatory actions 
on neuronal activity and action potentials (APs). In order to gain a complete 
picture of Ang II actions in the brain, it is important to understand the intracel- 
lular mechanisms by which Ang II alters neuronal activity. Thus, the remainder 
of this chapter will focus on the receptor-mediated actions of Ang II on neuro- 
nal activity, and the intracellular signaling mechanisms that underlie these ef- 
fects. 
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3 

Angiotensin II Receptors and Neuronal Activity 



3.1 

Electrophysiological Effects of Angiotensin II in the Brain 

As discussed in the previous sections, the binding of Ang II to neuronal recep- 
tors located within specific nuclei of the hypothalamus and brainstem evokes 
changes in the activity of neuronal pathways and ultimately leads to physiologi- 
cal and behavioral alterations. These rapid changes in neuronal activity or firing 
rate occur through alterations in AP frequency and/or duration, which in turn 
depend on the activity of membrane ionic currents and their underlying chan- 
nels. Thus, when considering the functional effects of Ang II in the brain, it is 
clearly important to understand the effects of Ang II on the electrophysiological 
properties of neurons. For this reason, a number of investigations have exam- 
ined the actions of Ang II on neuronal activity and membrane ionic currents. 
These studies on the effects of Ang II have been performed in situ, in brain 
slices, in freshly isolated neurons, and in neurons in culture, and have mostly 
been performed in the brainstem and hypothalamus. Various electrophysiologi- 
cal recording techniques, including extracellular, voltage and current clamp 
recording procedures, have been utilized. In studies performed prior to the dis- 
covery of Ang II receptor subtypes, iontophoretic procedures were used to apply 
Ang II to brain neurons in anesthetized rats in situ, in the subfornical organ, 
paraventricular nucleus, septum and medulla. In each case, Ang II produced an 
increase in neuronal activity through an increase in firing rate, which was inhib- 
ited by non-subtype selective peptidergic Ang II receptor blockers (Felix and 
Schlegel 1978; Suga et al. 1979; Harding and Felix 1987; Chan et al. 1991). lonto- 
phoretic application of Ang II onto the organum vasculosum of the lamina ter- 
minalis (contained within brain slices) resulted in increases in firing rate that 
were abolished by a nonselective peptidergic Ang II receptor antagonist 
(Knowles and Phillips 1980). Thus, these excitatory actions of Ang II in these 
brain regions are consistent with the dipsogenic and cardiovascular actions of 
this peptide. 

The discovery of distinct Ang II receptor subtypes that display different mo- 
lecular properties and physiological functions has precipitated many studies on 
the electrophysiological properties of these sites in the brain. For example, in 
situ recordings from anesthetized rats have revealed that iontophoretic injection 
of Ang II into the paraventricular nucleus (Ambuhl et al. 1992a) or amygdala 
(Albrecht et al. 2000) produces neuronal excitation, effects mediated by ATi re- 
ceptors. Similar excitatory effects of Ang II, also mediated by ATi receptors, 
have been recorded from subfornical organ, paraventricular nucleus, median 
preoptic nucleus, and rostral ventrolateral medulla neurons contained in brain 
slices (Li and Ferguson 1993; Li and Guyenet 1995, 1996; Bai and Renaud 1998; 
Ono et al. 2001; Dewald et al. 2002). Once again these electrophysiological ac- 
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tions of Ang II via ATi receptors are consistent with its dipsogenic and cardio- 
vascular actions at these sites. 

A number of studies have begun to investigate the effects of Ang II on mem- 
brane ionic currents that underlie the observed neuronal excitation via ATi re- 
ceptors. While it is clear that neurons contain multiple types of membrane ionic 
currents and channels, only certain of these are modulated by Ang II. For exam- 
ple, our whole cell voltage clamp recordings from neurons cultured from new- 
born rat hypothalamus and brainstem have demonstrated that Ang II elicits ATi 
receptor-mediated changes in particular and Ca^"^ currents (Sumners et al. 
2002). Specifically, Ang II produces an increase in total Ca^'^ current (Ica) and a 
decrease in total current. These effects are due to respective increases in 
N-type Ca^"^ current and decreases in both delayed rectifier current (Ikv) and 
A-type current (Ia) (Sumners et al. 1996; Wang et al. 1997a; Evans et al. 
2001). These changes in and Ca^^ currents are consistent with our observa- 
tion that Ang II produces a positive chronotropic effect in the same cultured 
neurons (Wang et al. 1997b). The mechanisms by which the above changes in 
Ikv> Ia and in N-type Ca^^ current lead to increases in firing rate include several 
effects, all of which increase the probability for AP generation. To date, the 
identified effects are increases in the number and amplitude of subthreshold os- 
cillations in membrane potential, decreases in the amount of current needed to 
generate an AP, and increases in the amplitude and duration of early after depo- 
larizations and the APs generated by EADs (Wang et al. 1997b). 

Studies from adult rat brain are mostly consistent with these neonatal cell 
culture findings. For instance, inhibitory effects of Ang II on Ia have also been 
observed in neurons from the supraoptic nucleus (SON), subfornical organ 
and paraventricular nucleus magnocellular area contained in brain slices 
(Nagatomo et al. 1995; Ferguson and LI 1996; Li and Ferguson 1996). More re- 
cently, Washburn and Ferguson (2001) have described an ATi receptor-mediated 
stimulatory action of Ang II on N-type-, but not on L-type, Ca^'^ current in sub- 
fornical organ neurons isolated from adult rat. One study has attempted to link 
the drinking response produced by central (i.c.v.) injection of Ang II in rats to 
activation of Ca^”^ channels. In that study, Zhu and Herbert (1997) demonstrated 
that the Ang II dipsogenic response was reduced by pretreatment with an L-type 
Ca^'^-channel blocker but not by an N-type channel blocker. The reasons for the 
discrepancy between this data and the electrophysiological results of Washburn 
and Ferguson (2001) are likely to be multiple, but could include the fact that 
i.c.v. injected Ang II will spread to many brain nuclei, not simply the subfornical 
organ. Therefore, it is clear that progress has been made in defining the electro- 
physiological actions of Ang II, via ATi receptors, in the brain. Nonetheless, 
more work is needed to define the exact and currents that are modulat- 
ed by Ang II in different brain regions and to define the underlying types of 
channel involved. 

Investigations that have attempted to define the electrophysiological actions 
of Ang II in the brain, via AT 2 receptors have been relatively few in number 
compared with the ATi receptor studies. Nonetheless, it has been determined 
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that AT2 receptors within the brain are functional, at least from an electrophysi- 
ological standpoint. The studies of Ambuhl et al. (1992b) demonstrated that ion- 
tophoresis of Ang II onto the inferior olive of anesthetized rats produced neuro- 
nal excitation, mediated by AT2 receptors. Using a similar approach, Albrecht et 
al. (2000) determined that Ang II elicits an AT2 receptor-mediated increase in 
the firing rate of neurons in the amygdala. Analysis of the changes in membrane 
ionic currents that underlie these chronotropic effects has only been performed 
in neural cells in culture. Whole cell voltage clamp recordings from neonatal hy- 
pothalamus and brainstem neuronal cultures have revealed that Ang II elicits 
AT2 receptor-mediated increases in both Ia and Ikv (Kang et al. 1993, 1994). Cur- 
rent clamp analyses in similar cultures revealed that Ang II produced an in- 
crease in firing rate, due to a decrease in AP duration (Zhu et al. 2001). The in- 
creases in Ia and Ikv may produce the positive chronotropic effect by increasing 
the rate of repolarization and shortening the AP refractory period. Another 
study, utilizing NG108-15 neuroblastoma cells, indicated that Ang II decreases 
T-type Ca^"^ current via AT2 receptors (Buisson et al. 1992). 

Thus it is clear that Ang II, acting via ATi and AT2 receptors, elicits discrete 
electrophysiological effects on central neurons. To date, the results indicate that 
activation of each receptor subtype produces an increase in neuronal activity, 
albeit via distinct effects on membrane ionic currents. In the following sections 
we will discuss the intracellular signaling mechanisms that are responsible for 
ATi and AT2 receptor-mediated changes in neuronal membrane ionic currents 
and activity. The major focus of this discussion will be studies performed on 
neurons cultured from newborn rat hypothalamus and brainstem, since most 
research performed in this area has been done using this in vitro model. These 
cultures contain ATi and AT2 receptors and a wide array of intracellular signal- 
ing molecules and ion channels. While neuronal cultures do not represent the 
intact adult rat brain, they do provide a more simplified system in which com- 
plex signal transduction mechanisms can be evaluated more easily. 



3.2 

ATi Receptor-Mediated Changes in Neuronal Activity: 

Intracellular Signaling Mechanisms 

The modulation of membrane ionic currents and their underlying channels by 
G-protein-coupled receptors such as the ATi receptor can occur through two 
general mechanisms: direct (membrane-delimited) coupling of a G-protein sub- 
unit to the ion channel proteins or indirect modulation via generation of second 
messengers and activation of protein kinases or phosphatases (Levitan 1999). 
Studies from neuronal cultures indicate that the latter indirect mechanism is of 
primary importance in the ATi modulation of neuronal ionic currents and activ- 
ity. Similar to its effects in rat brain (Seltzer et al. 1995), Ang II acts at ATi re- 
ceptors in neuronal cultures to stimulate phosphoinositide (PI) hydrolysis 
(Sumners et al. 1991). This stimulation of PI hydrolysis results in generation of 
diacylglycerol (DAG) and inositol 1, 4, 5-triphosphate (IP3), which is followed 
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by increases in intracellular Ca^'^ ([Ca^'^]int), protein kinase (PKC) and calcium/ 
calmodulin kinase II (CaMKII) activities (Sumners et al. 1996; Zhu et al. 1999). 
Both PKC and CaMKII have key roles in the ATi receptor-mediated changes in 
K"^ and Ca^'^ currents in neurons. For example, the Ang Il-induced stimulation 
of neuronal Ica is entirely abolished by inhibition of PKC (Sumners et al. 1996). 
In fact it appears that PKC acts to inhibit a negative influence of G subunits on 
in N-type Ca^”^ current (Evans et al. 2001). It is also clear that the inhibitory ef- 
fects of Ang II on neuronal Ia involve activation of PKC (Wang et al. 1997b). 
The inhibition of neuronal Ikv occurs via a more complex series of intracellular 
signaling events. As with the modulation of Ica and Ia, the inhibition of Ikv by 
Ang II involves G-protein-mediated activation of phospholipase C (PLC) and PI 
hydrolysis, since it is abolished by intracellular application of anti-Gq/n^^ anti- 
bodies or by the selective PLC inhibitor U73122 (Sumners et al. 1996; Pan et al. 
2001). Furthermore, this Ang II effect is mimicked by intracellular application 
of a peptide corresponding to the third intracellular (G-protein interacting) loop 
of the ATi receptor (Zhu et al. 1997). Intracellular application of IP3, DAG ana- 
logs or activated CaMKII (Sumners et al 1996; Zhu et al. 1999; Pan et al. 2001), 
as well as superfusion of PKC activating phorbol esters (Sumners et al. 1996), all 
cause decreases in Ikv Thus, unlike the effects of Ang II on Ica and Ia, these data 
suggest an involvement of both PKC and CaMKII in the reduction of Ikv by Ang 
II. This was confirmed with the use of selective inhibitors for these kinases. For 
example, the PKC inhibitors calphostin C and PKC inhibitory peptide (PKCIP) 
partially inhibit this Ang II effect on Ikv (Sumners et al. 1996; Zhu et al 1999). 
Similar attenuation is obtained with the use of a calmodulin antagonist (W-7) 
or by the CaMKII inhibitors KN-93 and CaMKII (281-302) (Sumners et al. 1996, 
Zhu et al. 1999). The fact that this Ang II response is abolished by chelation of 
[Ca^'^Jint (Sumners et al. 1996) suggests that a Ca^'^-dependent PKC isozyme is 
involved. Our recent studies indicate that the Ca^"^-dependent PKC-a is of pri- 
mary importance, but do not exclude the possibility that another Ca^'^-depen- 
dent PKC isozyme is involved (Pan et al. 2001; Sumners et al. 2002). Since 
changes in membrane ionic currents result in alteration in AP firing rate and 
neuronal activity, it is reasonable to suggest that ATi receptor-mediated chrono- 
tropic effect of Ang II in neurons also involves activation of PKC and CaMKII, 
and experiments have shown that this is indeed the case. Superfusion of neuro- 
nal cultures with Ang II produces an ATi receptor-dependent increase in firing 
rate that is attenuated by either calphostin C or by KN-93, and which is abol- 
ished by combined application of both inhibitors (Sun et al. 2002). The intracel- 
lular signaling pathways by which Ang II, acting via ATi receptors, modulates 
Ikv, Ia) Ica and neuronal activity are summarized in Fig. 1. 

These studies have raised a number of interesting questions. For example, 
why does the inhibitory effect of Ang II on Ikv involve a dual regulation via 
PKC-a and CaMKII? One possible answer is that each kinase provides a unique 
regulatory influence on Ikv, each of which leads to differential physiological 
functions. These influences may take the form of distinct actions by each kinase 
on the biophysical properties of the Kv2.2 channel protein, which has been 
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Fig. T Summary of the intracellular signaling pathways that couple ATi receptor to changes in mem- 
brane ionic currents and neuronal activity. PLC, phospholipase C; PiP2, phosphatidylinositol 4, 5-bisphos- 
phate; IP3, inositol 1 , 4, 5-trisphosphate; DAG, diacylglycerol; IPs-R, IP 3 receptor; PKCa, protein kinase 
Ca; CAM, calmodulin; CaMKII, calcium/calmodulin-dependent kinase II; N-Ca, N-type Ca^"^ channel. Sig- 
naling pathways were determined as described in the text, and the localization of PKCa and CaMKII 
with ATi receptors in responsive neurons was established through single cell RT-PCR. (Zhu et al. 1999) 



shown to be involved in the reduction of neuronal Ikv by Ang II (Gelband et al. 
1999). A further implication from this data is that factors that regulate the activ- 
ity of PKC-a or CaMKII independent of Ang II will influence the ATi receptor- 
mediated inhibition of neuronal Ikv Therefore, a factor that, for example, regu- 
lates PKC or CaMKII activity alone may blunt or amplify this action of Ang II, 
allowing for cross-talk and interaction with other neurotransmitter signaling 
pathways. 

Another question raised by these studies is the nature of the molecular mech- 
anisms by which Ang II, via PKC and CaMKII, regulates the activity of K"^ and 
Ca^^ channel proteins and thus K'^ and Ca^"^ currents. Various mechanisms have 
been demonstrated for the regulation of channel proteins. These include, but 
are probably not limited to, phosphorylation/dephosphorylation of channel 
subunits (Chandy and Cutman 1995; Levitan 1999), conformational changes in 
channel proteins produced by phosphorylation of cytoskeletal elements (Jing et 
al. 1997; Peretz et al. 1996; Levin et al. 1996), or regulation mediated via interac- 
tions of C-protein subunits, kinases and channel proteins within lipid rafts 
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(Martens et al. 2000). None of these known mechanisms can be excluded with 
respect to Ang Il-induced modulation of neuronal 1 kv> U or Ica- 

A third question raised by these studies is whether the increases in neuronal 
activity produced by Ang II are directly linked to increased release of neuro- 
transmitters such as norepinephrine or glutamate. This question is being ap- 
proached in our laboratory through the combined use of electrophysiological 
and amperometric recording procedures. 

In summary, the basic intracellular mechanisms through which Ang II pro- 
duces an ATi receptor-mediated increase in neuronal activity have been defined 
in cell culture experiments. These mechanisms employ the activation of Ca^”^- 
dependent signaling molecules, providing a rapid means for increasing neuronal 
firing rate. A major question that remains is whether these signaling molecules 
are responsible for the ATi receptor-mediated action of Ang II in the rat brain 
in situ. Early indications are that this is indeed the case, since the dipsogenic 
effect of centrally administered Ang II appears to be dependent upon PKC and 
CaMKII activation (M.A. Fleegal and C. Sumners, unpublished data). Studies 
that produce selective inhibition of PKC and CaMKII in specific brain areas 
such as the subfornical organ and paraventricular nucleus will allow determina- 
tion of whether these signaling molecules mediate the physiological actions of 
Ang II through its brain ATi receptors. 



3.3 

AT2 Receptor-Mediated Changes in Neuronal Activity: 

Intracellular Signaling Mechanisms 

From the previous section, it is apparent that ATi and AT 2 receptors differ in 
both molecular and pharmacological properties and mediate different physio- 
logical actions of Ang II. These differences extend to the cellular level in neu- 
rons, where Ang II elicits opposite effects on iRv^nd I a via ATi and AT 2 receptors 
(Kang et al. 1993; Sumners et al. 1996). Based on this, it is reasonable to expect 
that the intracellular messengers that couple ATi and AT 2 receptors to cellular 
functions in neurons are different, and that has been shown to be the case. The 
stimulatory effect of Ang II via AT 2 receptors on Ikv in neuronal cultures does 
not involve PI hydrolysis, generation of IP 3 or activation of Ca^'^-dependent PKC 
(Kang et al. 1994). This is consistent with the fact that AT 2 receptors do not 
influence PI hydrolysis nor PKC activity in neurons (Sumners et al. 1991, 
1996) nor in other tissues or cells (reviewed by Gallinat et al. 2000; Nouet and 
Nahmias 2000; Stoll and Unger 2001). Various studies from neural cells in cul- 
ture have shown that activation of AT 2 receptors modulates cyclic GMP and 
phosphodiesterase levels, and increases phosphotyrosine phosphatase activity 
(Sumners and Myers 1991; Bottari et al. 1992; Nahmias et al. 1995; Yamada et al. 
1996). However, it was clear from our experiments that none of these messen- 
gers, nor cyclic AMP, are involved in the Ang Il-induced increase in Iky (Kang et 
al. 1994). Rather, this Ang II effect involves a G-protein-coupled pathway since 
the increase in neuronal Ikv produced by Ang II is abolished by pertussis toxin 
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or by intracellular application of anti Gia antibodies (Kang et al. 1994). Further, 
this Ang II effect is mimicked by intracellular application of a peptide corre- 
sponding to the third intracellular (G-protein interacting) loop of the AT 2 recep- 
tor (Kang et al. 1995). This suggests that the AT 2 receptor-mediated increase in 
Ikv in cultured neonatal neurons occurs via Gi, and is consistent with studies 
from rat fetus, which indicate that AT 2 receptors co-precipitate with Gia 2 and 
Gias proteins (Zhang and Pratt 1996). It is also clear that the inhibition of 
T-type Ca^“^ current in a neural cell line, the NG108-15 neuroblastoma cells, is 
G-protein-mediated (Buisson et al. 1995). However, the signaling pathway that 
mediates the Ang II stimulation of Ikv> downstream of Gi, appears to be quite 
different from the calcium- dependent mechanisms that are responsible for the 
ATi receptor-mediated decrease in Ikv We had determined that activation of AT 2 
receptors in neuronal cultures causes a rapid stimulation of phospholipase A 2 
(PLA 2 ) activity, with subsequent generation of arachidonic acid (AA). These ef- 
fects were abolished by pertussis toxin (Zhu et al. 1998). Considering that AA 
and metabolites of AA are known modulators of K'^ currents in neurons (Meves 
1994; Kim et al. 1995), we examined the role of these factors in the AT 2 recep- 
tor-mediates stimulation of Ikv Our data indicated that this Ang II effect was 
mimicked by AA and by the 12-lipoxygenase (12-LO) metabolite of AA, 
12S-HETE (Zhu et al. 1998). Furthermore, the stimulatory effects of Ang ll, AA 
and 12S-HETE on neuronal Ikv were attenuated but not abolished by selective 
inhibition of 12-LO, but not by inhibition of 5-lipoxygenase, cyclooxygenase or 
p450 monooxygenase enzymes (Zhu et al. 1998, 2000). These data indicate that 
a signaling pathway that includes Gi activation of PLA 2 , generation of AA and 
subsequent metabolism of AA to 12-HETE is at least partially responsible for 
the Ang II stimulation of neuronal Ikv This pathway is probably also involved in 
the AT 2 receptor-mediated increase in neuronal Ia, since the recording proce- 
dures that are used to analyze Ikv also measure Ia, and this transient K"^ current 
exhibited many of the same changes in response to the various treatments. How- 
ever, there is an increased level of complexity to this signaling mechanism, since 
our earlier experiments in this area indicated that the stimulation of Ikv and Ia 
by Ang II is completely abolished by selective inhibition of serine/threonine 
phosphatase type 2A (PP-2A) (Kang et al. 1994). Inhibition of PP-2A also abol- 
ished the stimulation of these K^ currents by AA or by 12-LO, but not the Ang 
Il-induced increase in AA generation (Zhu et al. 1998). Finally, it is clear that 
the chronotropic action of Ang II via AT 2 receptors involves activation of 12-LO 
and PP-2A (Zhu et al. 2001). Collectively, these data indicate that PP-2A is 
downstream of AA and 12S-HETE, and is perhaps a final common event in the 
signaling pathways through which Ang II modulates neuronal K'^ currents and 
firing rate. 

This signaling pathway is summarized in Fig. 2 but, as with ATi receptor-me- 
diated signaling events, there are still many unanswered questions. For example, 
if the PLA 2 /AA/I 2 S-HETE pathway is only partially responsible for the Ang II 
stimulation of Ikv and Ia, which other mechanisms are involved? One possibility 
is membrane delimited coupling of Gi to the K'^ channel proteins involved in 
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Fig. 2 Summary of the intracellular signaling pathways that couple AT 2 receptors to change in mem- 
brane ionic currents and neuronal activity. PLAj, phospholipase A 2 ; AA, arachidonic acid; 12-10, 12-li- 
poxygenase; 12S-HETE, 12-(s)-hydroxy-(5Z, 8Z, 10E, 14Z)-eicosatetraenoic acid; PP-2A, serine/threonine 
phosphatase 2A. Signaling pathways were determined as detailed in the text, and the localization of 
PLA 2 and 12-LO with AT 2 receptors in responsive neurons was established through single-cell RT-PCR. 
(Zhu et al. 2000) 

this response, but there is no evidence to support this speculation as yet. In this 
scenario, PP-2A would still act as the final common event in channel regulation. 
A further question concerns the subtypes of channel protein that are 
involved in this Ang II action. Our preliminary pharmacological data indicate 
that the Kv2.2 channel may be involved in the regulation of Ikv (M. Zhu and C. 
Sumners, unpublished data), similar to its role in the ATi receptor modulation 
of Ikv Once the identity of these channel proteins is clearly established, it may 
be possible to decipher the mechanisms by which 12S-HETE and PP-2A effect 
channel regulation. On another note, the multiplicity of signaling events that are 
involved in the AT 2 receptor modulation of neuronal activity again suggests that 
various factors may be able to regulate or temper this response, as postulated 
for the ATi receptor signaling pathways. Perhaps the most important questions 
relate to the functional significance of the observed AT 2 receptor-mediated 
changes in currents and neuronal activity. In particular, whether they trans- 
late to specific neuromodulatory effects (on catecholaminergic neurons, for ex- 
ample) and involve the same intracellular signaling events in situ. These ques- 
tions will not be answered until the physiological functions of AT 2 receptors 
within the brain are better understood. 
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4 

The Broader Perspective of Angiotensin II Receptor Signaling in Neurons 

The main focus of this chapter has been the intracellular mechanisms that are 
responsible for the rapid changes in neuronal activity produced by Ang II. It is 
clear that the ATi and AT 2 receptor-mediated changes in neuronal firing occur 
via activation of very specific and unique signaling molecules. It is also apparent 
that each receptor subtype, upon stimulation by Ang II, activates more than one 
intracellular messenger pathway in order to alter neuronal firing. When taking a 
broader view of Ang II actions in neurons, it is evident that the signaling mole- 
cules responsible for regulation of neuronal activity represent only a few of the 
intracellular pathways that are modulated by this peptide. Rather, Ang II activa- 
tion of ATi or AT 2 receptors in neurons results in the modulation of a wide vari- 
ety of intracellular signaling molecules, many of which support the long-term 
actions of this peptide. A good example is the AT 1 receptor-mediated activation 
of Erk mitogen- activated protein (MAP) kinases (Huang et al. 1996; Yang et al. 
1996) in neurons. This activation of Erk occurs via a Ras/Raf/MEK (MAP kinase 
kinase) pathway, and results in stimulation of c-fos and c-jun and synthesis of 
their respective protein products Eos and }un, which combine to form the acti- 
vator protein 1 (AP-1) transcription factor (Yang et al. 1996). Further examples 
are the Ang Il-induced activation of Eos regulating kinase and Jun kinase, which 
elicit respective phosphorylation of Eos and Jun proteins, resulting in transacti- 
vation of the AP-1 complex (Huang et al. 1998). The time course of the stimula- 
tion and transactivation of Eos and Jun proteins is well beyond that required for 
the rapid electrophysiological changes (milliseconds to minutes) that produce 
alterations in firing rate. Rather, these signaling events are geared towards 
the AP-1 -directed synthesis of tyrosine hydroxylase and dopamine y0-hydroxyl- 
ase in catecholaminergic neurons (Yang et al. 1996; Lu et al. 1996). The above 
are examples of the longer-term signaling pathways that couple to neuronal AT 1 
receptors; a more extensive picture of these mechanisms is reviewed elsewhere 
(Richards et al. 1999; Sumners et al. 2002). Similar to the ATi receptors, neuro- 
nal AT 2 receptors also couple to a diverse array of intracellular signaling mole- 
cules, many of which are not involved in the rapid changes in neuronal activity. 
Prime examples are the activation/induction of various tyrosine and serine/thre- 
onine phosphatases (Huang et al. 1995; Bedecs et al. 1997; Horiuchi et al. 1997), 
which in turn inhibit the activity of Erk MAP kinases, a contributing event to 
the AT 2 receptor-mediated apoptosis of neural cells (Yamada et al. 1996). Finally, 
while it appears that the rapid and the longer-term actions of Ang II in neurons 
are served by mostly separate intracellular signaling events, it is likely that the 
earlier actions of Ang II can influence the later effects. For example, the changes 
in [Ca^'^lint that result from Ca^^ influx may lead to changes in the activity of 
enzymes that ultimately influence transcription factors. 
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Conclusions 

It is evident that much progress has been made in understanding how Ang II 
affects ionic currents and neuronal activity at the cellular level. The use of brain 
tissue and cells derived from rodents has allowed the identification of specific 
ATi and AT 2 receptor-mediated electrophysiological actions in neurons, as well 
as the intracellular signaling events that control these actions. Despite this pro- 
gress, many questions remain regarding the cellular and intracellular actions of 
Ang II in neurons, as set out in the above sections. Probably the most important 
questions, however, are as follows: (1) Do the discoveries made in rodent cells 
and tissues represent a physiological action of Ang II common to all species? (2) 
What is the relationship of these cellular events with physiological actions of 
Ang II. For example: Does Ang II, acting via its ATi receptors in a particular 
brain region, activate a cascade of intracellular signaling events that alters the 
activity of a specific neuronal pathway, and ultimately stimulate a physiological 
or behavioral change? Do the divergent signaling mechanisms that are activated 
by ATi receptors (PKC, CaMKII) interact with those activated by other transmit- 
ters such as vasopressin in the regulation of a specific physiological function? 
Or do they allow a particular neuron to serve multiple functions? The advent of 
genomic technologies that will allow the selective expression or inhibition of 
signaling molecules and channel proteins within neurons in specific brain re- 
gions may allow these questions to be addressed. 
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Abstract The effector peptide of the renin-angiotensin system (RAS), angioten- 
sin II (Ang II), can be directly generated in the brain independently of the pe- 
ripheral RAS. Activation of angiotensin receptors in the brain induces the ex- 
pression of inducible transcription factors involved in gene regulation. A num- 
ber of animal studies and clinical trials have shown that the RAS is associated 
with the development of cardiovascular diseases and pathophysiological pro- 
cesses occurring in ischaemic stroke. Angiotensin-converting enzyme (ACE) in- 
hibitors and selective ATi receptor antagonists protect hypertensive subjects 
against stroke by reduction of blood pressure and improve the recovery from 
ischaemic insult by normalisation of cerebral blood autoregulation and im- 
provement of collateral blood flow to the ischaemic tissue. In animal models, 
inhibition of the brain RAS proved to be beneficial with respect to stroke inci- 
dence and outcome. Blockade of cerebrovascular or brain ATi receptors reduces 
the volume of ischaemic injury and improves the recovery from brain isch- 
aemia. Remarkable progress has been made in elucidating the role of Ang II and 
its receptors in the control of pathophysiological events associated with stroke 
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such as cerebral haemodynamics, apoptosis, inflammation, neuroregeneration 
and neuroprotection. In this chapter, we summarise the effects of Ang II in the 
brain on the expression of inducible transcription factors and possible target 
genes. The second part of the article reviews the effects of inhibition of ACE and 
angiotensin receptors in cerebral vessels and brain tissue on processes occur- 
ring during and after ischaemic injury and discusses the effects of ATi receptor 
blockade on cerebral haemodynamics, neuroprotection and neuroregeneration. 
This chapter may also provide a framework for the development of new thera- 
peutic strategies in the prevention and treatment of ischaemic stroke. 

Keywords Renin-angiotensin system • Brain • Angiotensin-converting enzyme • 
Angiotensin receptors • Inducible transcription factors • Neuroplasticity • ATi 
and AT2 receptor antagonists • Cerebral haemodynamics • Neuroprotection • 
Stroke 

1 

Introduction 

The hormonal renin-angiotensin system (RAS) with its effector peptide, angio- 
tensin II (Ang II), has traditionally been linked to the regulation of salt and wa- 
ter homeostasis. In the last 2 decades evidence has accumulated that Ang II is 
formed in various tissues, including the brain. All components of the peripheral 
RAS have been found in the central nervous system and it is now firmly estab- 
lished that Ang II in the brain is synthesised independently of peripheral 
sources. In general, Ang II exerts its actions through activation of at least two 
receptor subtypes, referred to as the ATi and the AT2 receptor. In the brain, an- 
giotensin receptors are expressed in structures localised inside and outside the 
blood-brain barrier. AT2 receptors are predominantly expressed in the foetal 
brain. After birth, the ratio of ATp to AT2-receptor expression reverses, with the 
ATi receptor being the predominant receptor in the adult brain. 

Most of the classic actions of Ang II in the brain, which include the central 
control of fluid and electrolyte homeostasis and the regulation of blood pres- 
sure, are mediated by ATi receptors. In other cell types such as vascular smooth 
muscle cells or fibroblasts Ang II acting on the ATi receptor promotes cell 
growth and proliferation. Since adult brain neurons cannot proliferate, effects 
mediated by ATi receptors in neurons are associated with rapid processes, in- 
volving neurotransmission or neuromodulation, or delayed processes, requiring 
synthesis of new proteins. 

Over the last 10 years, numerous studies have indicated that Ang II, acting 
via AT2 receptors, may modulate embryonic development, tissue regeneration 
and protection but also initiate processes leading to programmed cell death (ap- 
optosis). There is also substantial evidence that the AT2 receptor can offset or 
counteract the effects mediated by the ATi receptor in the brain, for example on 
water intake and vasopressin release. 
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This chapter focuses on the functions of Ang II in neuronal cells and the ner- 
vous system, especially on the effects of the peptide and its receptors on the ex- 
pression of transcription factors. The second part of the article provides some 
aspects concerning the relevance of Ang II, angiotensin-converting enzyme 
(ACE), angiotensin receptors and their inhibition in cerebral vessels and brain 
tissue for processes occurring during and after ischaemic injury. 

2 

Angiotensin II and Neuroplasticity 

Inducible transcription factors (ITF) are proteins which are able to regulate the 
expression of genes by eukaryotic RNA polymerase II after binding to specific 
nucleotide sequences in the non-coding promoter regions of the DNA. The base 
sequences can vary in one or two nucleotides between different promoters. 
These variations as well as nucleotide sequences next to the binding sites influ- 
ence their affinity to the respective transcription factors and thus the regulatory 
activity of the proteins. Some transcription factors such as c-Fos or c-Jun bind 
to their consensus sequences (called AP-1 for activator protein 1, or CRE for 
CREB responsive element) only after dimer isation with a partner (Cohen et al. 
1989). Other ITF such as the members of the Krox family do not dimerise 
(Chavrier et al. 1989). Interactions between members of different families of 
transcription factors are frequent, and the assortment of transcription factors 
bound to a promoter in response to a given stimulus decides whether transcrip- 
tion is enhanced, not altered or even inhibited. Therefore, the expression pat- 
tern of different ITFs which are induced by a given stimulus in a tissue or cell 
has a decisive influence on the group of target genes which are regulated by 
these factors (West et al. 2002). 

Peripherally, Ang II acts as a direct vasoconstrictor, induces the release of al- 
dosterone from the adrenal gland and enhances the retention of salt and water 
in the kidney. In addition, Ang II plays an important role in growth processes: 
the peptide promotes cell growth and regulates the formation of matrix proteins 
such as fibronectin, thrombospondin or collagen. The hormone also plays a role 
in pathological trophic responses which occur, for example, after injuries to 
blood vessels or in connection with cardiovascular or cerebral disease. The ex- 
pression of ITFs such as c-Fos or c-Jun has been reported to be linked with 
these growth processes (Kawahara et al. 1988; Kim et al. 1995). 

In the brain, all components of the renin-angiotensin system are present, 
generating the peptide hormone locally. The effects of Ang II in the brain in- 
clude an elevation of blood pressure, a modulation of sympathetic nerve activi- 
ty, natriuresis and the induction of drinking. Moreover, the peptide induces the 
release of pituitary hormones such as arginine vasopressin (AVP), oxytocin or 
adrenocorticotrophic hormone (ACTH) and interacts with other neurotransmit- 
ters such as norepinephrine in the brain (Culman et al. 2002). 

Two Ang II receptor subtypes have been identified in the brain: the ATi re- 
ceptor is responsible for most of the known effects of the peptide in the brain. 
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especially for the central regulation of cardiovascular functions (Hohle et al. 
1995). ATi receptors are located in high numbers in brain regions associated 
with the regulation of blood pressure and volume homeostasis, including cir- 
cumventricular organs such as the subfornical organ (SFO) or the organum vas- 
culosum of the lamina terminalis (OVLT), the median preoptic area (MnPO) 
and in hypothalamic nuclei such as the paraventricular (PVN) and supraoptic 
nuclei (SON). Additionally, ATi receptors are found, for example, in the 
suprachiasmatic nucleus and in the median eminence. In the hindbrain and 
brain stem, nuclei and regions such as the nucleus of the solitary tract (NTS), 
area postrema (AP), the rostral (RVLM) and caudal ventrolateral medulla 
(CVLM) and the intermediolateral column of the spinal cord express ATi recep- 
tors. The AT 2 receptor, in contrast, is quantitatively expressed in some thalamic 
and subthalamic nuclei, in the amygdala, in the inferior olive and the locus coe- 
ruleus (Lenkei et al. 1997; Tsutsumi and Saavedra 1991). This angiotensin recep- 
tor subtype is up-regulated following injury and ischaemic damage and takes 
part in such opposing effects as differentiation, neuronal regeneration and ap- 
optosis depending on the cell type or tissue and the overall signal input in a giv- 
en situation (Unger 1999). 

A binding site for an angiotensin fragment, Ang IV (Ang 3-8) has been de- 
scribed and named AT4 receptor. Recently, this receptor has been identified as 
the enzyme insulin-regulated aminopeptidase (Albiston et al. 2001). In the 
brain, Ang IV is implicated in the facilitation of memory retrieval and retention 
(Braszko et al. 1988; Wright et al. 1993). The AT4 receptor is expressed in brain 
regions such as the hippocampus, cortex (cerebral and piriform), septum, arcu- 
ate nucleus and superior and inferior colliculi (Moeller et al. 1996; Roberts et al. 
1995). 

A number of studies have shown that Ang II induces the expression of ITF in 
specific brain nuclei, reaching the brain via the circumventricular organs which 
lack the blood-brain barrier after intravenous injection or directly after injec- 
tion into the lateral brain ventricle. Two main responsive regions can be distin- 
guished: one is a regulatory circuit which comprises some nuclei of the lamina 
terminalis and the hypothalamus, the other one comprises nuclei in the brain 
stem associated with cardiovascular regulation. 

An injection of Ang II (100 pmol) into the lateral brain ventricle stimulates 
periventricular AT receptors to induce a pronounced and dense expression of 
AP-1 proteins and Krox proteins in distinct forebrain and hypothalamic nuclei: 
the SFO, MnPO, OVLT, PVN and SON (Herbert et al. 1992; Lebrun et al. 1995; 
McKinley et al. 1995; Rowland et al. 1994; Xu and Herbert 1994). The response 
is dose dependent and mediated via ATi receptors, since pretreatment with the 
ATi receptor antagonist losartan was able to abolish the expression completely 
(Lebrun et al. 1995). Intracerebroventricular (i.c.v.) injection of a higher dose 
of the peptide (250 nmol) or its constant infusion into the lateral ventricle 
(1 ng/min for 90 min) additionally induced the expression of c-Fos in the bed 
nucleus of the stria terminalis and the central amygdaloid nucleus (Herbert et 
al. 1992; McKinley et al. 1995). The Ang Il-induced expression of ITF was not 
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only restricted to specific brain nuclei, but also showed a temporally differenti- 
ated pattern, with some transcription factors appearing at an earlier time point 
and some later (Blume et al. 1998). Thus, each of the nuclei displays its own spe- 
cific temporal and spatial expression pattern of ITF, indicating that the target 
genes which are regulated by the transcription factors are also specific in each 
region. The Ang Il-induced release of arginine vasopressin from magnocellular 
SON and PVN neurons requires activation of adrenoceptors in these regions 
(Qadri et al. 1993; Veltmar et al. 1992). Activation of adrenergic receptors is also 
involved in the Ang Il-induced expression of transcription factors in these areas. 
While the /3-adrenoceptor antagonist propranolol did not influence Ang Il-in- 
duced expression of c-Fos, c-Jun or Krox 24, pretreatment with the cel -adreno- 
ceptor antagonist, prazosin, or the al adrenoceptor antagonist, yohimbine, in- 
hibited the Ang Il-induced ITF expression in the SON and PVN, but not in the 
SFO or MnPO (Blume et al. 2002). 

Interestingly, in the SFO mainly the cells adjacent to the ventricle express ITF 
following stimulation of periventricular AT receptors. In contrast, following an 
intravenous injection of Ang II, cells in the centre of the SFO are stimulated to 
express ITF (McKinley et al. 1995). Intravenous Ang II reaches the brain via the 
circumventricular organs, which lack the blood-brain barrier. Besides the SFO, 
the pattern of ITF expression induced by i.v. Ang II closely resembles the pat- 
tern induced by i.c.v. Ang IT. the OVLT, MnPO, PVN and SON exhibit a strong 
expression of ITF, while the central amygdaloid nucleus, the bed nucleus of the 
stria terminalis and hindbrain regions such as the AP and the NTS exhibit scat- 
tered immunopositive cells (McKinley et al. 1992, 1995; Rowland et al. 1994). 
I.c.v. pretreatment with the ATi receptor antagonist, losartan, blocks ITF expres- 
sion in all the above-mentioned regions (Rowland et al. 1994). In contrast to 
i.c.v. Ang II, i.v. Ang Il-induced expression of ITF in the PVN and SON is 
blocked by pretreatment with the AT 2 receptor antagonist PD 123 319 (Rowland 
et al. 1994). A lesion of the SFO abolishes ITF expression in the SON and PVN. 
The differences in the expression patterns of ITF after i.v. and i.c.v. Ang II might 
in part be due to the fact that Ang II activates the baroreceptor reflex when ad- 
ministered i.v. The baroreceptor reflex, in turn, activates noradrenergic fibres, 
originating in the Al or A2 regions and terminating in the MnPO and hypothal- 
amus. It seems possible that these fibres are responsible for the activation of 
ITF expression after peripheral stimulation with Ang II. Experiments with the 
vasoactive substance phenylephrine showed that a 2-h i.v. infusion of the sub- 
stance induced Fos-like immunoreactivity in the SON and PVN, suggesting that 
baroreceptor mechanisms could play a role in ITF induction by i.v. Ang II, at 
least in these nuclei (McKinley et al. 1992). 

Spontaneously hypertensive rats (SHRs) have a genetically determined up- 
regulation of the renin angiotensin system, with increased expression of ATi re- 
ceptors as well as elevated levels of Ang II. Treatment of these rats with Ang II, 
administered i.v. or i.c.v., resulted in an elevated expression of ITF in the SFO, 
MnPO, OVLT, SON and PVN (Blume et al. 1997; Rowland et al. 1995). This en- 
hanced response is not due to the high blood pressure in these animals, since in 
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Wistar Kyoto rats, which displayed nephrogenic hypertension after aortic band- 
ing, levels of ITF expression were similar to those seen in normotensive Wistar 
or Wistar Kyoto rats. Possibly, elevated ITF levels in SHRs lead to the regulation 
of different target genes. 

Ang IV and its potency to induce the expression of ITF has been studied by 
Roberts et al. (1995). They found that Ang IV (i.c.v.) induced an expression of 
c-Fos exclusively in brain regions which also express the AT4 receptor: the hip- 
pocampus (dentate gyrus, CA2, CA3) and the piriform cortex. Other brain re- 
gions which express AT4 receptors (e.g. the cerebral cortex, septum or arcuate 
nucleus of the hypothalamus) as well as regions which predominantly express 
ATi or AT 2 receptors showed no c-Fos in response to Ang IV (Roberts et al. 
1995). The response to Ang IV was inhibited by a specific AT4 receptor antago- 
nist, divalanal Ang IV. Thus, it seems that the two peptides, Ang II and Ang IV, 
possess distinct regulatory roles in the brain and do not interfere with each oth- 
er (at least at the level of transcriptional control). 

Endogenously released Ang II (Oldfield and McKinley 1994) resulted in an 
expression of c-Fos in exactly the same brain nuclei as Ang II administered 
i.v. or i.c.v.; these studies were a further step towards the characterisation of a 
regulatory network in the forebrain and the hypothalamus, which responds to 
Ang II. Peripheral Ang II, which reaches the brain via circumventricular organs, 
as well as central Ang II, which stimulates periventricular AT receptors, activate 
neurons in the SFO and OVLT, which respond (among other reactions described 
in detail in the chapter by F. Qadri, this volume) with the expression of ITF. The 
neuronal activation is then transmitted via angiotensinergic fibres to the MnPO 
and ultimately to the hypothalamic nuclei PVN and SON, resulting in an expres- 
sion of ITF, and also accompanied by the release of arginine vasopressin into 
the circulation. That the expression of ITF in the hypothalamic nuclei is rather a 
secondary event and not a result of a direct stimulation of ATi receptors in these 
nuclei has been demonstrated by studies in which the lesion of the anteroven- 
tricular region of the third ventricle (which comprises the MnPO) as well as the 
lesion of the SFO resulted in an inhibition of the Ang Il-induced ITF expression 
in the SON and PVN (Rowland et al. 1994; Xu and Herbert 1996). Moreover, low 
doses of Ang II (1 pmol, i.c.v.) result in an expression of ITF in the SFO and in 
the MnPO, while higher doses also evoke a response in hypothalamic nuclei, 
suggesting that the signal input that activates neurons in the SFO and MnPO 
has to reach a certain intensity before it is transmitted further in the network 
(Blume et al. 1998). The finding that adrenoceptors take part in Ang Il-induced 
ITF expression in the SON and PVN, but not in the SFO or MnPO point in the 
same direction (Blume et al. 2002). 

In peripheral tissues, Ang Il-induced ITF expression is associated with tro- 
phic processes. Neurons, in contrast, are assumed to be postmitotic. Therefore, 
one would expect to find neuroplastic modifications in the brain rather than 
growth in the sense of proliferation. According to an accepted hypothesis, ITF 
are signal transducers, which convert the ligand receptor association into long- 
lasting changes in the protein expression pattern of a cell (Greenberg et al. 1986; 




Angiotensin, Neuroplasticity and Stroke 169 



Morgan and Curran 1991). The morphological and physiological changes result- 
ing from these modified protein expression patterns are summarised as neuro- 
plasticity and include, for example, changes in the number of receptors, in the 
nature and frequency of cell-cell contacts or modifications of the Golgi appara- 
tus (Takasu et al. 2002). 

It is rather difficult to study the target genes which might be activated as a 
result of the Ang Il-induced expression of ITF in vivo, because the brain nuclei 
where these processes occur are small and only the pooling of nuclei from about 
60-80 animals would provide enough material for biochemical analyses. Anoth- 
er possibility is the extraction of RNA or protein from a particular nucleus and 
the surrounding tissue, based on the assumption that the changes in the individ- 
ual nucleus are strong enough to manifest themselves in a larger tissue probe. 
This approach has recently been used to study the effects of Ang Il-induced 
c-Fos expression in the nucleus of the solitary tract. The NTS as well as the ad- 
jacent AP are brain regions which express considerable amounts of ATi recep- 
tors, and the AP, with its lack of the blood-brain barrier, has been identified as 
a site of entry for circulating Ang II to promote sympathetic outflow (Ferrario 
et al. 1987). The NTS is a brain nucleus where primary baroreceptor afferents 
terminate, making the NTS an integration centre for the baroreceptor reflex 
(Diz et al. 2002). Endogenous or exogenously administered Ang II impairs the 
baroreceptor reflex; an inhibition of ATi receptors in the NTS results in an en- 
hancement of baroreflex sensitivity (Campagnole-Santos et al. 1988; Casto and 
Phillips 1986; DiBona et al. 1995; Michelini and Bonagamba 1988; Murakami et 
al. 1996). 

An involvement of c-Fos in these well-established responses has been shown 
recently, providing the first identification of a target gene of Ang Il-induced 
c-Fos in vivo. In a series of publications, the authors showed that injection of 
Ang II into the NTS inhibited the baroreceptor reflex and induced the expression 
of c-Fos in this nucleus. Both, the c-Fos expression and the inhibition of the 
baroreceptor reflex were suppressed by pretreatment with an antisense oligomer 
directed at the initiation codon of the c-fos mRNA (Luoh and Chan 2001). A 
baroreceptor reflex activation induced by prolonged hypertension induced a 
transient decrease in AT i receptor mRNA in the dorsomedial medulla, a brain re- 
gion which includes the NTS as well as the AP, the dorsal motor nucleus of the 
vagus and the hypoglossal nucleus (Wang et al. 2001). The ATi receptor has a 
consensus sequence for AP-1 proteins in its promoter region (Herzig et al. 1997). 
Pretreatment with the antisense oligomer against c-fos inhibited the restoration 
of the pressor response to Ang II as well as the re-expression of ATi receptors, 
suggesting that Ang II via activation of a transcription factor can counter-regu- 
late the physiological down-regulation of its own ATi receptor and thus restore 
an important regulatory circuit of blood pressure control (Wang et al. 2001). 

Besides the ATi receptor, other genes coding for RAS proteins also have AP-1 
sequences in their promoters, for example, the rat AT 2 receptor gene (Ichiki and 
Inagami 1995; Murasawa et al. 1996). The acute phase response element (APRE) 
in the promoter of the angiotensinogen gene interacts with NF-/cB, a transcrip- 
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tion factor that also dimerises with c-Fos and c-Jun (Ron et al. 1990; Stein et al. 

1993) . 

Another interesting candidate for a target gene may be the gene coding for 
vasopressin (AVP). AVP is released in response to Ang II from nerve terminals 
localised in the posterior pituitary. The promoter for the AVP precursor con- 
tains a CRE-like binding site (Mohr and Richter 1990). Therefore, it can be spec- 
ulated that Ang II also initiates the resynthesis of AVP after its secretion from 
the pituitary. However, considering the large amounts of AVP present in the 
nerve terminals and high levels of mRNA coding for AVP in the cell bodies, it 
appears to be rather difficult to prove this hypothesis in in vivo experiments. 

The gene for tyrosine hydroxylase (TH), the enzyme which catalyses the first 
step in catecholamine synthesis, can be induced by Ang II in brain neurons in 
culture (Yu et al. 1996). Since Ang II has been shown to interact with catechol- 
amine systems in the brain (for reviews see Culman et al. 1995; Jenkins et al. 
1995), it seems reasonable to hypothesise that Ang II is also involved in the TH 
gene regulation in vivo. 

As already mentioned above, some effects of Ang II in the neuronal tissue 
such as alterations in gene expression leading to neuroplastic changes are be- 
lieved to be mediated by ITF, a link between primary stimuli and long-term ef- 
fects. Therefore, genes associated with neuroplasticity in the brain are possible 
targets of Ang II. Such targets may include genes coding for growth factors, like 
nerve growth factor (NGF) (Hengerer et al. 1990), genes encoding structural 
proteins like glial fibrillary acid protein (GFAP) (Masood et al. 1993), or the 
gene for the growth associated protein-43 (GAP-43), which plays a major role in 
axonal elongation and promotes changes in synapse morphology (Eggen et al. 

1994) . 

Since AT receptor antagonists affect the expression of ITF after stroke, as will 
be discussed in the second part of this chapter, targets of Ang II in the brain 
may also play a role in the pathophysiology of stroke. 

3 

Angiotensin II and Stroke 

Stroke is among the leading causes of death and neurological impairment 
worldwide. A stroke occurs when a blood vessel in the brain ruptures or is 
clogged by a thrombus. Thus, ischaemic stroke results from a transient or per- 
manent occlusion of cerebral artery which leads to a reduction in cerebral blood 
flow. Neuronal cells require a constant delivery of oxygen, glucose and other nu- 
trients to function properly. A local reduction or a complete arrest of blood sup- 
ply prevents the delivery of oxygen and other substrates resulting in metabolic 
disturbances such as the deterioration of high-energy phosphates, membrane 
ion pump failure, efflux of intracellular potassium, and influx of sodium and 
calcium, chloride and water, leading finally to membrane depolarisation. The 
most important mechanisms occurring in stroke involve so-called excitotoxicity, 
inflammation and programmed cell death, apoptosis. The outcome of an isch- 
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aemic event mostly depends on the severity of the cerebral blood flow reduction 
and on the duration of the ischaemic insult (Dirnagl et al. 1999). 

Ischaemic stroke, which is caused by an occlusion of a cerebral artery, ac- 
counts for almost 80% of all stroke cases. The most common type of the isch- 
aemic stroke is the cerebral thrombosis, characterised by a thrombus which is 
attached to the wall of the artery, where it grows and blocks the flow of blood. 
The arteries in which the thrombus forms are usually damaged by atherosclero- 
sis. The cerebral embolism represents the second form of the ischaemic stroke. 
This ischaemic event occurs when a thrombus (embolus) formed outside of the 
brain, typically in the heart, is carried by the blood stream to an artery leading 
to or in the brain and occludes it. Two other types of stroke are caused by bleed- 
ing (subarachnoid or intracerebral haemorrhage). 

The mortality rate in ischaemic stroke victims is high. Within the first 
3 months, 16%-25% of patients die of stroke. About 50% of stroke survivors are 
left with varying degrees of disability up to 1 year after their stroke and only 
25% of patients are reported to fully recover. The neurological impairments and 
dysfunction in patients who have suffered from ischaemic stroke are influenced 
by many factors, including genetic factors, age, gender, vascular risk factors in- 
cluding previous strokes, predilection of cognitive impairment etc. Stroke inci- 
dence increases proportionally with the age; the incidence and prevalence are 
approximately equal for men and women, although women at all ages are more 
likely to die from a stroke than men. High blood pressure is the most important 
modifiable risk factor of stroke; about 50% of strokes may be attributed to hy- 
pertension. It has been estimated that lowering diastolic blood pressure by 
5 mmHg can lower the risk of a first stroke by 35%-40% (Collins et al. 1990; 
MacMahon et al. 1990). Reduction of arterial blood pressure had beneficial ef- 
fects in spontaneously hypertensive rats (SHRs) and reduced cerebral infarction 
after occlusion of the middle cerebral artery (Fuji! et al. 1992). Hypertension is 
known to cause endothelial dysfunction, which predisposes to atherosclerosis. 
Hypertension may, therefore, lead to stroke by aggravating atherosclerosis in 
the aortic arch and cerebral arteries, by atherosclerosis in the small cerebral ar- 
teries and end arteries and by promoting heart diseases which may be compli- 
cated by stroke. While haemorrhagic stroke is proportionally related to the lev- 
els of blood pressure increases, ischaemic stroke is largely accounted for by ath- 
erosclerosis of the extracranial or intracranial arteries (Rossi et al. 1995). There- 
fore, atherosclerotic plaque stabilisation may be a new therapeutic strategy in 
the prevention of stroke (Gorelick 2002). Other important factors which con- 
tribute to stroke include diabetes mellitus, obesity and overweight, arterial fi- 
brillation and hyperlipidaemia. 

The deficiency in blood supply to a part of the brain results in neuronal loss 
and subsequent gliosis, which are typical characteristics of cerebral infarction. 
The degree of the neuronal damage depends on the extent of the cerebral blood 
flow (CBF) reduction and the duration of the ischaemia. When a cerebral artery 
is occluded and the CBF considerably decreases, cerebral electric activity fails, a 
deterioration of metabolic reactions and energy state occurs, which leads to the 
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ischaemic cascade and neuronal death. A central ischaemic area, the ischaemic 
core, has been formed, the size of which depends mainly on the state of collater- 
al arteries. The ischaemic area is surrounded by an ischaemic penumbra, a 
brain region with less CBF reduction in which perfusion was maintained by col- 
lateral circulation. The blood flow in this area lies between the two thresholds — 
the upper threshold of electrical failure (15-18 ml/ 100 g/min) and lower thresh- 
old of energy failure (10-12 ml/ 100 g/min). This area is characterised by electri- 
cal silence with only slightly elevated extracellular potassium concentrations. 
The collateral blood flow supplies sufficient oxygen and glucose to maintain the 
energy state at almost normal levels. This area is potentially recoverable if the 
perfusion is restored. The penumbra is unstable and dynamic in time, and usu- 
ally it progresses towards infarction in a few hours, even though no further re- 
duction in CBF occurred. Postischaemic inflammation and apoptosis mostly 
contribute to the lost of neurons and to the growth of structural lesion (Astrup 
et al. 1981; Dirnagl et al. 1999; Martinez-Vila and Sieira 2001). 

4 

Animal Models of Stroke 

SHRs represent a well-established experimental tool in the hypertension 
research, an excellent model to study the mechanisms of the development of 
hypertension, responses of blood pressure to various pharmacological interven- 
tions and to investigate the development of the end-organ damage in hyperten- 
sive subjects. However, these animals do not develop stroke. A separate inbred 
strain of hypertensive animals, stroke-prone spontaneously hypertensive rats 
(SHR-SPs) develop stroke after feeding with a diet high in sodium and low in 
potassium and protein (Okamoto et al. 1973). These rats have contributed to 
identifying genetic factors in ischaemic stroke. 

Experimental models of global and focal ischaemia have provided insight 
into the complex sequence of pathophysiological events which occur during and 
after stroke. Furthermore, these experimental models allow the assessment of 
the efficacy of potential therapeutic interventions. Two main global ischaemia 
models, bilateral carotid artery occlusion in the gerbil and four- vessel occlusion 
in the rat are used to study the outcome after global ischaemia in animals. The 
typical lesions of pyramidal cells in the hippocampus can be detected in both 
models. The most characteristic sensorimotor response in gerbils subjected to 
the bilateral carotid occlusion is the hyperlocomotion, which depends on the 
duration of the ischaemia. Global ischaemia induced by four- vessel occlusion in 
rats is rather characterised by a transient reduction in the locomotor activity 
during the first 24 h after ischaemia. At the later time points, when the rats are 
tested days or weeks after the ischaemic insult, little changes in the locomotor 
activity can be detected (Hunter et al. 1998). The global ischaemia models are 
believed to be pertinent in the relation to neurological deficits after a heart at- 
tack or cardiac arrest. 
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The most common case of stroke in humans is the occlusion of the middle 
carotid artery (MCA). The cortex, basal ganglia and the internal capsule repres- 
ent the important brain regions supplied by the MCA and its small penetrating 
branches. According to some studies, focal infarctions of the MCA territory ac- 
count for almost 80% of all ischaemic cerebral insults in humans. Permanent 
and transient occlusion of the MCA in mice and rats represent a well-established 
and the most frequently used animal models of focal cerebral ischaemia in 
humans. A permanent occlusion of the MCA can be achieved by a ligation of 
the artery or by electrocoagulation. Electrocoagulation of the main trunk of 
the MCA produces an area of damage involving the cortex and striatum 
(Chiamulera et al. 1993; for review see McAuley 1995). Bederson et al. (1986) 
have characterised precise anatomical sites of the MCA occlusion in the rat 
which produce uniform cerebral infarctions and developed a neurological grad- 
ing system that can evaluate the degree of paresis after ischaemia. More detailed 
and complex neurological evaluation systems include quantification of a num- 
ber of sensorimotor deficits (Garcia et al. 1995). Other modifications of the per- 
manent MCA occlusion such as two-vessel occlusion and three-vessel occlusion 
models have been described to obtain a better-defined infarction area (McAuley 
1995). 

Models of transient occlusion of the MCA can explore the pathological events 
associated with re-establishing blood flow to the ischaemic territory. In stroke 
patients, the reperfusion can occur spontaneously through a resolution of an 
embolus or through clinical intervention. Modification of the same techniques, 
which are used for the permanent occlusion of the MCA, have been utilised to 
develop a model of transient focal ischaemia in the rat (McAuley 1995). Koizumi 
et al. (1986) described a method of an intraluminal thread model of MCA occlu- 
sion with subsequent reperfusion. This method and its later modification by 
Longa et al. (1989) became the most widely used models to study pathological 
events and therapeutic approaches in transient focal ischaemia. The effective- 
ness and reliability of both methods to produce acute ischaemia in the MCA ter- 
ritory have been critically re-evaluated and modified (Laing et al. 1993; Schmid- 
Elsaesser et al. 1998). The model of the intraluminal occlusion of the MCA with 
reperfusion is believed to be the most pertinent in relation to human ischaemic 
stroke. The ischaemic injury resembles that of embolic stroke patients and is as- 
sociated with sensorimotor and cognitive dysfunction (Hunter et al. 1998). The 
transient occlusion of the MCA is the most frequently used model of focal cere- 
bral ischaemia to test the efficacy of a large number of therapeutic interventions 
and neuroprotective compounds to prevent neuronal damage. Models of throm- 
boembolic focal and multifocal ischaemia have been developed which try to 
resemble the events which occur in thromboembolic stroke. These models make 
it possible to examine the thrombolytic efficacy of compounds. The rat model 
of photothrombotic cortical ischaemia allows the study of the pathophysiologi- 
cal and morphological events in discrete cortical regions (Hunter et al. 1998; 
McAuley 1995). 
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5 

Renin-Angiotensin System and Stroke 

Evidence has accumulated that the RAS may play a central role in the develop- 
ment of cardiovascular diseases and stroke. Angiotensin-converting enzyme in- 
hibitors (ACEI) and selective ATi receptor antagonists effectively lower blood 
pressure in hypertensive patients and prevent end-organ damage. Local tissue 
RASs, described in a number of organs, including the vascular wall, the heart 
and especially the brain, may considerably contribute to the pathogenesis of 
various processes linked to stroke such as atherosclerosis of the carotid artery 
and small brain arteries or regulation of cerebral blood flow during cerebral 
ischaemia. The brain RAS, which is regulated independently of the hormonal 
RAS, is believed to be involved in the initiation and regulation of events occur- 
ring during and after brain ischaemia. Recent pharmacological data and experi- 
ments carried out in transgenic mice overexpressing angiotensinogen or in ATi 
receptor knock-out mice indicate that the effector peptide of the RAS, angioten- 
sin II (Ang II) may considerably contribute to pathophysiological processes in 
ischaemic brain tissue (Dai et al. 1999; Walther et al. 2002). 

6 

Genetics of the RAS and Ischaemic Stroke 

Ischaemic stroke can be caused by a number of monogenic disorders, but the 
majority of cases of ischaemic stroke are multifactorial in aetiology. There is 
some evidence from epidemiological studies indicating genetic influences but 
the identification of individual causative mutations remains problematic. A can- 
didate gene approach has been most frequently used in human studies. Associa- 
tion with polymorphisms in a variety of candidate genes have been investigated, 
including haemostatic genes, genes controlling homocysteine metabolism, the 
arterial nitric oxide synthase gene and others. The genetics of the ischaemic 
stroke has recently been reviewed (Hassan and Markus 2000). The angiotensin- 
converting enzyme (ACE) gene is one of the most extensively investigated can- 
didate genes in ischaemic stroke. The enzyme generates the potent vasoactive 
peptide Ang II from Ang I. The ACE gene is known to have two polymorphic 
alleles I/D (insertion/deletion polymorphism). The ACE DD and DI genotypes 
are associated with high prevalence of hypertension, the D allele being linked to 
increased circulating levels of ACE. An association of the ACE gene with stroke 
with a relative risk of the order 1. 5-2.5 has been reported in a number of stud- 
ies. The ACE I/D genotype has been associated with ischaemic stroke in hyper- 
tensive patients, while and the DD genotype with lacunar stroke (Gorelick 
2002). Szolnoki et al. (2001) have reported that the ACE DD genotype positively 
correlates with the occurrence of small-vessel infarctions rather than with large- 
vessel infarctions. Margaglione et al. (1996) evaluated the genotype of the ACE 
gene in 101 subjects with and 108 subjects without a history of ischaemic stroke 
and compared the two groups for major risk factors for ischaemic events. Dele- 
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tion polymorphism of the ACE gene (D/D genotype) was shown to be more 
common in subjects with a history of stroke (relative risk 1.76; confidence inter- 
val, 1.02-3.05). A meta-analysis has evaluated seven studies on the risk of stroke 
in 1918 subjects vs 722 controls (Sharma 1998). The odds ratio for the D allele 
as an independent risk factor in ischaemic stroke was 1.31 (95% confidence in- 
terval, 1.06-1.61). The recessive D allele seems to be a modest but independent 
risk factor for ischaemic stroke. However, it should be noted that many of the 
studies were small and statistically underpowered, and various methodological 
difficulties seem to be responsible for the conflicting results regarding the ACE 
gene polymorphism and stroke. One variant of the angiotensinogen gene has 
been implicated in vascular diseases, but there were inconsistent results for its 
mutations M235T and T174M for ischaemic stroke (Sethi et al. 2001). 

7 

ACE Inhibitors and Stroke 

ACE is predominantly localised on endothelial cells of vascular beds, including 
those of the brain. Enzymatic-and radioligand-binding assays demonstrated the 
presence of ACE in the carotid artery and cerebral microvessels in both normo- 
tensive rats and SHRs (Perich et al. 1992; Veniant et al. 1992). 

Since hypertension is the most relevant risk factor for stroke, in hypertensive 
subjects, ACE inhibitors can primarily protect against brain stroke by reducing 
blood pressure. However, clinical studies and trials and experimental data indi- 
cate that additional mechanisms such as normalisation of cerebral blood flow 
autoregulation or increased arterial compliance may considerably contribute to 
the protective effects of ACE inhibitors against stroke (Chillon and Baumbach 
2001; Saavedra et al. 2001; Torup et al. 1993; Veniant et al. 1992). 

The Heart Outcomes and Prevention Evaluation (HOPE) Study was a double- 
blind, 2x2 factorial, randomised trial evaluating a 5-year treatment with rami- 
pril and vitamin E for high-risk patients with a history of a cardiovascular dis- 
ease (coronary artery disease, stroke or TIA, peripheral vascular disease, diabe- 
tes mellitus combined with another cardiovascular risk factor such as hyperten- 
sion, elevated cholesterol, low high-density lipoprotein cholesterol, cigarette 
smoking). The primary outcome was myocardial infarction, stroke or death 
from cardiovascular events. The ACE inhibitor, ramipril, significantly reduced 
the risk of many cardiovascular events and complications in high-risk patients. 
A subgroup analysis revealed a reduction in the incidence of recurrent myocar- 
dial infarction (20%, P<0.01) and, especially, of the first stroke (32%, P<0.001) 
in the ramipril treatment group (Yusuf et al. 2000). 

Perindopril Protection Against Recurrent Stroke Study (PROGRESS) was a 
double-blind, placebo-controlled, randomised trial designed to determine the 
effects of a blood-pressure lowering regimen in hypertensive and nonhyperten- 
sive patients with a history of any type of stroke except subarachnoid haemor- 
rhage. The active group was treated with the ACE inhibitor perindopril alone or 
in combination with the diuretic indapamide. The primary outcome endpoint 
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was recurrent stroke. Perindopril alone or in combination with the diuretic re- 
duced blood pressure. Among participants treated with perindopril alone (in 
whom blood pressure was lowered by a mean of 5/3 mmHg), stroke risk was not 
discernibly different from that among subjects, who received single placebo. 
Combination therapy with perindopril and diuretic reduced blood pressure 
by 12/5 mmHg and stroke risk by 43%. This therapy regimen was associated 
with a lower risk of each of the main stroke subtypes: fatal or disabling stroke 
(46%), ischaemic stroke (36%) and cerebral haemorrhage (76%). The perindo- 
pril-treated group showed significant reductions in major vascular events and 
the first myocardial infarction. ACE inhibitor treatment also reduced dementia 
and cognitive decline among patients with stroke and stroke-related disability 
(PROGRESS collaborative group, 2001). In both studies, nonhypertensive sub- 
jects also benefited from the therapy with an ACE inhibitor. 

Beneficial effects of ACE inhibitors on neurological outcome and recovery 
from cerebral ischaemia have been demonstrated in a number of studies carried 
out in hypertensive rats. Long-term treatment with the ACE inhibitor, cilazapril, 
prevented the occurrence of stroke in SHR-SP (Hajdu et al. 1991). In another 
study, cilazapril decreased neurological deficits and reduced infarction volume 
in SHR-SP subjected to focal cerebral ischaemia (Fujii et al. 1992). Similarly, 
chronic treatment with the ACE inhibitor, enalapril, considerably improved sur- 
vival and prevented cerebrovascular lesions in salt-loaded SHR-SP independent- 
ly of reductions in blood pressure (Stier et al. 1989). ACE inhibitors have also 
been demonstrated to exert beneficial effects on the metabolic and circulatory 
derangement in the ischaemic brain of SHRs (Sadoshima et al. 1993). 

As stated above, ACE inhibitors can protect hypertensive subjects against 
stroke or improve recovery from ischaemic brain injury by reducing blood 
pressure, normalising cerebral blood flow autoregulation, improving collateral 
blood flow to the ischaemic tissue and by inhibiting Ang II formation in the 
brain. 

CBF is controlled by autoregulatory mechanisms whereby CBF remains con- 
stant despite wide variations in systemic blood pressure. The control is exerted 
at the level of small resistance vessels. These vessels dilate in response to a drop 
in blood pressure or constrict, when the systemic blood pressure increases. Au- 
toregulation of CBF has a lower and an upper blood pressure limit. When blood 
pressure drops below the lower limit of the cerebral autoregulation, small blood 
vessel dilation becomes inadequate and the CBF falls. When the blood pressure 
rises, the resistance vessels constrict until the upper limit of the cerebral auto- 
regulation is reached. Above this upper limit, the vessels dilate and CBF increas- 
es. CBF in patients with uncomplicated essential hypertension is the same as in 
normo tensive subjects. Chronic hypertension is associated with hypertrophy of 
the medial layer of cerebral arteries and arterioles. Vascular remodelling, com- 
prising thickening of the media and an increase, in proportion of smooth mus- 
cle cells, in elastin and collagen, limits the ability of the resistance vessels to di- 
late. These changes protect the brain against high-perfusion pressure but, at the 
same time, impair dilation of these vessel at low pressure. In hypertensive sub- 
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jects, the lower and upper limits of the CBF autoregulation are shifted towards 
higher perfusion pressures (Squire 1994; Strandgaard and Paulson 1992). 

In animal models, ACE inhibitors had no effect on resting CBF but were 
shown to shift the lower and upper limits of the autoregulation towards lower 
blood pressure levels (Barry et al. 1984; Sadoshima et al. 1994; Squire 1994; 
Strandgaard and Paulson 1992). This effect would improve tolerance to hypo- 
tension while impairing that to hypertension. The mechanism may involve the 
inhibition of Ang II formation in cerebral vessels, resulting in the attenuation of 
constriction of large cerebral vessels. It has been proposed that reduced forma- 
tion of Ang II by ACE inhibitors dilates the large cerebral arteries with compen- 
satory constriction of smaller arteries and arterioles (Paulson et al. 1988). Al- 
though resting CBF is unaltered, smaller cerebral arteries possess a greater dila- 
tory capacity, thus explaining the shift of the CBF autoregulation curve towards 
lower blood pressure. Recent findings indicate that this effect is, at least partly, 
mediated by bradykinin (Takada et al. 2001). However, Ang II acting on ATi re- 
ceptors represents a growth factor, initiating proliferation, hypertrophy and 
growth in various tissues. Ang II was reported to increase the media width, me- 
dia cross-sectional area and media/lumen ratio in rats by a non-pressor mecha- 
nism (Griffin et al. 1991). Long-term treatment with ACE inhibitors decreases 
the hypertrophy of the media of cerebral arteries and arterioles, increases their 
external diameter and normalises endothelial function (Veniant et al. 1992). 
Chronic administration of ACE inhibitors in hypertensive subjects and rats with 
genetic and experimental hypertension reverses the alteration in CBF autoregu- 
lation (Saavedra et al. 2001). ACE inhibitors have been demonstrated to effec- 
tively reduce blood pressure in patients without altering the resting CBF (Dyker 
et al. 1997; Frei and Muller- Brand 1986). These findings indicate that antihyper- 
tensive agents such as ACE inhibitors, which normalise the CBF autoregulation 
and protect the cerebral circulation in hypertensive patients, might be preferred 
for the treatment of hypertension in patients with advanced atherosclerosis. 

Treatment with ACE inhibitors improved the recovery from cerebral isch- 
aemia also in normotensive rats. Captopril injected intravenously 30 min prior 
to cerebral ischaemia improved neurological outcome on the 3rd day after ex- 
perimental ischaemic stroke (Werner et al. 1991). Since in normotensive rats the 
CBF autoregulation is not impaired, the beneficial effects of ACE inhibitors may 
result from the inhibition of Ang II formation in the brain. A number of in vivo 
and ex vivo studies indicate that ACE in the brain can be inhibited after short- 
or long-term systemic treatment with ACE inhibitors; however, the results are 
rather equivocal (Unger et al. 1988). One of the most controversial topics con- 
cerning the central actions of ACE inhibitors is the question whether these com- 
pounds inhibit Ang II formation in brain structures inside the blood-brain bar- 
rier upon systemic administration (Gohlke et al. 1989). Moreover, some of the 
actions of ACE inhibitors may be unrelated to the inhibition of the brain RAS. 
Along with the reduction in the levels of Ang II, the neuroprotection conferred 
by ACE inhibitors can also be related to various effects, including an increase in 
bradykinin or other brain peptides, suppression of sympathetic activity and an- 
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tioxidant effects. Therefore, questions as to which extent the inhibition of the 
Ang II formation in the ischaemic brain contributes to the beneficial effects of 
ACE inhibitors in stroke cannot be definitely answered as yet. 

The use of ACE inhibitors in the acute phase of stroke as a therapeutic strate- 
gy to reduce neuronal injury and subsequent disability of patients is a matter of 
controversy. Immediately after cerebral occlusion, CBF is extremely low in the 
centre of the lesion and considerably reduced in the penumbra. In hypertensive 
subjects, cerebral vessels have a limited capacity to dilate. This can result in a 
profound reduction in collateral blood flow to the ischaemic core and to the 
penumbra, thereby leading to neurological deterioration and enlarged infarction 
area, especially when acute ischaemic stroke is accompanied by a drop in blood 
pressure. 

However, blood pressure is usually increased in the acute phase of stroke and 
there is no agreed consensus on the treatment of hypertension following stroke. 
In the early poststroke phase, the CBF autoregulation is impaired and CBF be- 
comes dependent on systemic blood pressure. Reduction of blood pressure may 
reduce blood flow to the ischaemic penumbra and neuronal death is likely to 
occur. Initiating antihypertensive therapy may, therefore, have deleterious ef- 
fects. Alternatively, failure to reduce an abnormally high blood pressure can 
promote cerebral oedema and increase the size of the infarction. The loss of au- 
toregulatory function further complicates the issue of blood pressure manage- 
ment in the acute phase of stroke (Bhalla et al. 2001; Fotherby and Panayiotou 
1999; Squire 1994). Only a few studies report on effects of ACE inhibitors on 
CBF in patients suffering from stroke. Treatment of patients within 5 days after 
their first stroke with captopril had no effect on mean hemispheric blood flow 
(Waldemar et al. 1989). Similarly, the ACE inhibitor, perindopril, lowered blood 
pressure without affecting CBF in patients 2-7 days after symptoms of cerebral 
infarction. (Dyker et al. 1997). On the contrary, Naritomi et al. (1984) reported 
that ACE inhibition increased CBF in hypertensive patients with stroke. 

8 

ATi and AT2 Receptor Antagonists and Stroke 

The major actions of Ang II are mediated by two subtypes of G-protein-coupled 
angiotensin receptors: the ATi and the AT 2 receptor. The ATi receptor is widely 
distributed in adult tissues. All classical effects of Ang II such as vasoconstric- 
tion, aldosterone release, renal salt and water retention are mediated by this an- 
giotensin receptor subtype. The ATi receptor can be selectively blocked by the 
family of so-called sartan compounds, the AT 2 receptor can be selectively inhib- 
ited by the nonpeptide ligands PD 123177 and PD 123319. The selective ATi re- 
ceptor antagonists are increasingly used in antihypertensive treatment and the 
prevention of end-organ damage related to hypertension. 

As already mentioned, some antihypertensive agents such as ACE inhibitors 
reduce arterial blood pressure without affecting basal cerebral blood flow. Sev- 
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eral clinical trials were designed to evaluate whether ATi receptor antagonists 
can protect against brain ischaemia. 

The Losartan Intervention For Endpoint reduction (LIFE) study was a dou- 
ble-blind, randomised, parallel-group trial in patients with essential hyperten- 
sion. The aim of the study was to establish whether selective blockade of ATi re- 
ceptors with losartan improves left ventricular hypertrophy beyond reducing 
blood pressure and reduces cardiovascular morbidity and death and to compare 
the effects of losartan with the ^^-adrenoceptor blocker, atenolol. Losartan was 
superior to atenolol in reducing the primary composite endpoints of cardiovas- 
cular death, myocardial infarction and stroke. Especially the outcome for stroke 
was highly significant in favour of losartan, showing a 24.9% relative risk reduc- 
tion compared with atenolol (P=0.001) (Dahlof et al. 2002). 

Acute Candesartan Cilexetil Evaluation in Stroke Survivors (ACCESS) was a 
double-blinded, randomised multicentre trial designed to evaluate the influence 
of an early moderate blood pressure reduction in patients with acute cerebral 
ischaemia in comparison to restrictive antihypertensive therapy. Inclusion crite- 
ria were initial blood pressure values of greater than 200/110 mmHg as a median 
value of two measurements in 30 min. Additionally, a motor paresis had to be 
present. Patients were randomised and treated double-blind for 7 days with pla- 
cebo or candesartan cilexetil. Primary endpoints were patient morbidity, mea- 
sured by neurological status, and mortality rates after 3 months. The combined 
endpoints of total mortality, cerebral complications and cardiovascular compli- 
cations was reduced by 47.5% for patients treated with the ATi receptor antago- 
nist candesartan (Schrader et al. 2003). 

SCOPE was a multicentre, prospective, randomised, double-blind, parallel- 
group study which evaluated the prophylactic effects of candesartan cilexetil on 
major vascular events in elderly patients with mild hypertension. The primary 
outcome was cardiovascular death, nonfatal myocardial infarction and stroke; 
the secondary outcomes comprised the extent of cognitive function or dementia, 
total mortality and renal function. There was a statistically significant 28% re- 
duction in the risk of nonfatal stroke in the candesartan-treated group. Other 
outcomes showed only non-statistically significant beneficial trends in the can- 
desartan-treated group (Lithell et al. 2003). 

A number of animal studies have also demonstrated protective effects of ATi 
receptor antagonists against stroke. Long-term treatment of SHR-SP with losar- 
tan or candesartan at doses which did not affect blood pressure reduced the in- 
cidence of stroke and cerebrovascular lesions (Inada et al. 1997; Stier et al. 
1993). Losartan decreased the incidence and delayed the progression of renal 
damage and stroke and increased survival in salt-loaded Dahl salt-sensitive rats. 
In the losartan-treated rats, the development of hypertension was slightly de- 
layed, but after 6 weeks of treatment, the systolic blood pressure reached values 
above 200 mmFIg and was identical in both the vehicle- treated and losartan- 
treated groups of rats. Regression analyses revealed that the protective effect of 
losartan in increasing survival and reducing end-organ damage was beyond that 
expected for its blood pressure lowering effects (von Lutterotti et al. 1992). 
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Chronic systemic pretreatment of SHRs with candesartan has been shown to re- 
duce neuronal injury resulting from focal brain ischaemia (Ito et al. 2002; 
Nishimura et al. 2000). Dai et al. (1999) reported that a long-term blockade of 
brain ATi receptors improved the recovery from focal brain ischaemia in nor- 
motensive rats. 

In hypertensive subjects, ATi receptor antagonists can primarily prevent 
stroke by reducing blood pressure. Similarly to ACE inhibitors, ATi receptor an- 
tagonists can improve the recovery from ischaemic stroke by normalisation of 
cerebral blood flow autoregulation and by improvement in collateral blood flow 
to ischaemic tissue. Inhibition of ATi receptors in the brain may also contribute 
to the beneficial effects of ATi receptor antagonists (Culman et al. 2002). 

Of all angiotensin receptor subtypes, the ATi receptor is predominantly ex- 
pressed in brain arteries in the adult organism. Cerebral microvessels may ex- 
press, along with ACE, other subtypes of angiotensin receptors, which have not 
yet been well characterised. Ang II can be formed locally and, together with cir- 
culating Ang II, contribute to CBF regulation (for a review see Saavedra et al. 
2001 ). 

Experimental evidence indicates that, after vascular occlusion, angiotensin II 
can restore the blood supply to ischaemic areas. Fernandez and co-workers 
(1986) observed that infusion of pressor doses of Ang II decreased the mortality 
rate in gerbils with unilateral carotid ligation through mechanisms unrelated to 
the hypertensive action of the peptide. The underlying mechanisms have not 
been clearly defined, but Ang II may exert these beneficial effects independently 
of the rise in blood pressure, through a fast opening of the reserve collateral cir- 
culation and/or through a much slower response comprising new vessel forma- 
tion 

In line with this assumption, mortality increased in progressively ligated ger- 
bils treated with the ACE inhibitor enalapril (Achard et al. 2001; Kaliszewski et 
al. 1988). In another study, Dalmay et al. (2001) demonstrated that pretreatment 
with ACE inhibitors, but not with ATi receptor antagonists, significantly de- 
creased survival of gerbils subjected to ischaemic stroke. The effects were not 
blood pressure dependent and obviously not mediated by ATi receptors. Mori- 
uchi et al. (1998) have reported on the presence of an atypical angiotensin type 
1-like receptor in the gerbil brain and in some peripheral tissues, which displays 
high affinity for Ang II but is not sensitive to displacement with selective lig- 
ands for the ATi and the AT 2 receptor such as losartan and CGP 42112 or PD 
123319, respectively. This atypical angiotensin receptor might be responsible for 
the beneficial effects of Ang II in gerbils exposed to cerebral ischaemia. 

The role of the individual angiotensin receptor subtypes in the regulation of 
CBF is unclear. Similarly to ACE inhibitors, the ATi receptor antagonist, can- 
desartan, was reported to shift both the upper and lower limits of the CBF auto- 
regulation curve towards lower blood pressure in SHR and in WKY normoten- 
sive rats, whereas baseline cerebral blood flow was unaffected (Vraamark et al. 
1995). In contrast, Stromberg at al. (1993) reported that losartan shifted dose- 
dependently the upper limit of CBF towards higher pressures in Sprague- Dawley 
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rats. Interestingly, the same authors found that the selective AT 2 receptor 
ligands, CGP 42112 and PD123319, also shifted the upper limit of the 
cerebral blood flow autoregulation towards higher pressures (Naveri et al. 1994; 
Stromberg et al. 1993). The conclusion of Naveri et al. (1994) was that both CGP 
42112 and PD 123319 exerted their effects through stimulation of AT 2 receptors. 
This is a somewhat surprising finding because PD 123319 is an antagonist and 
CGP 42112 (at least at higher doses) an agonist for the AT 2 receptor (de Gasparo 
et al. 2000). These confusing findings exemplify that the role of angiotensin and 
its receptors in the regulation of the CBF is far from being understood. AT 2 re- 
ceptor stimulation by PD 123319 was reported to increase survival in gerbils 
subjected to abrupt unilateral carotid ligation (Fernandez et al. 1994). 

Recent findings indicate that, similarly to ACE inhibitors, ATi receptor antag- 
onists can improve the recovery from ischaemic stroke by normalisation of ce- 
rebral blood flow autoregulation. Long-term pretreatment of SHRs with can- 
desartan reduced infarction volume after temporal or permanent MCAO (Ito et 
al. 2002; Nishimura et al. 2000). Pretreatment of SHRs with candesartan for 
2 weeks resulted in almost complete inhibition of ATi receptors in the cerebral 
arteries and in the brain areas involved in the central regulation of cerebral 
blood flow and the sympathetic system. In SHRs exposed to temporary MCAO 
with reperfusion, candesartan reduced the volume of injury predominantly in 
the affected cortical areas. The proposed mechanisms involve the shifting the 
autoregulatory curve to the left, in the direction of improved vasodilation, and 
the prevention of the decrease in blood flow in the marginal zone of ischaemia 
(Nishimura et al. 2000). The observed reduction in cerebral oedema immediate- 
ly after MCAO and in the infarction volume resulted most probably from the 
normalisation of cerebrovascular autoregulation in the marginal ischaemic zone 
(Saavedra et al. 2001). Other effects observed in SHRs after long-term ATi re- 
ceptor blockade such as an increase in the external diameter and reduction of 
the media thickness of the middle cerebral artery, resulting in an improved arte- 
rial compliance and increased capacity of cerebral arteries to dilate when CBF 
decreases, can also considerably contribute to the beneficial effects of ATi recep- 
tor antagonists in cerebral ischaemia (Ito et al. 2002). 

However, AT 1 receptor antagonists may also improve recovery from stroke by 
mechanisms independent of the normalisation of cerebrovascular autoregula- 
tion or blood pressure reduction in hypertension. Our group has demonstrated 
that long-term blockade of brain ATi receptors by irbesartan improves neuro- 
logical outcome of focal cerebral ischaemia and markedly reduces the expres- 
sion of the AP-1 transcription factors c-Fos and c-}un in the parietal and piri- 
form cortices on the ligated side of the brain and completely abolishes the isch- 
aemia-induced c-Fos expression in the hippocampus. In these experiments, the 
ATi receptor antagonists were infused intracerebroventricularly over a 5-day pe- 
riod before the induction of ischaemia at a dose which effectively inhibited 
brain but not vascular ATi receptors (Dai et al. 1999). Taken together, these find- 
ings demonstrate that AT 1 receptor antagonists may improve the recovery from 
stroke by restoration of blood flow after ischaemia and by blocking the bio- 
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chemical and metabolic changes at the ischaemic cascade level, including the in- 
hibition of ITF expression in the ischaemic brain tissue. 

Since effective and long-lasting blockade of brain AT i receptors may protect 
against stroke and provide therapeutic benefits for patients suffering from brain 
ischaemia, we studied the access of systemically applied losartan, irbesartan, 
telmisartan and candesartan to brain AT i receptors. All studied antagonists pen- 
etrate the blood-brain barrier in a dose- and time-dependent manner to inhibit 
centrally mediated effects of Ang II. In our studies, candesartan produced the 
most effective and long-lasting inhibition of brain ATi receptors following sys- 
temic application (Culman et al. 1999; Gohlke et al. 2001, 2002a, 2002b). 

We have also investigated the role of AT 2 receptors in the processes occurring 
during and after focal brain ischaemia. Although a long-term inhibition of brain 
AT 2 receptors did not affect the recovery from stroke, it prevented the beneficial 
effects of the ATi receptor blockade (Blume et al. 2000). Ischaemic lesions of the 
nervous system have been reported to increase the expression of AT 2 receptors 
in the brain (Makino et al. 1996; Zhu et al. 2000). When ATi receptors are inhib- 
ited, Ang II can increasingly interact with AT 2 receptors, as ATi receptor antag- 
onists leave the AT 2 receptor unopposed and rather expose it to elevated Ang II 
levels. Activation of AT 2 receptors in brain tissue that has undergone ischaemic 
injury may, on one side, initiate neuroregenerative events or, on the other side, 
induce apoptosis when neurons are severely damaged (for a review see Unger 
1999). Both these effects are important for the recovery from stroke. 

9 

Outlook 

The findings that ATi receptor antagonists cross the blood-brain barrier, im- 
prove neurological outcome and prevent brain injury following brain ischaemia 
in experimental animals may provide a basis for new therapeutic strategies in 
the prevention and treatment of stroke. Similarly to ATi receptor antagonists, 
several classes of drugs such as excitatory amino acid antagonists, antioxidants 
inhibiting free radicals, drugs related to the NO system, various calcium antago- 
nists and others have displayed neuroprotective effects in cerebral ischaemia 
and decreased neuronal damage in experimental animals. However, a number of 
clinical trials have produced negative results when the same drugs were tested 
in patients suffering from acute stroke. Many of these agents caused serious psy- 
chotomimetic or cardiovascular side effects. The studies had to be terminated 
and the clinical developments of these agents were discontinued (Martinez-Vila 
and Sieira 2001). On the other hand, ATi receptor antagonists and ACE in- 
hibitors display a low incidence of side effects and are successfully used in anti- 
hypertensive treatment and the prevention of end-organ damage related to hy- 
pertension. The results of clinical trials have shown that inhibitors of RAS sys- 
tem reduce the incidence of stroke in high-risk patients with vascular diseases 
or diabetes mellitus combined with other risk factors. In the few clinical trials 
which have been conducted so far, ATi receptor antagonists displayed clinical 
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efficacy in stroke-prone or stroke patients. The outcomes of these clinical stud- 
ies raise the hope that this class of drugs may be a new therapeutic approach to 
reduce the magnitude and extent of brain tissue damage in stroke patients. 
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Abstract In response to mechanical and/or metabolic stress, the heart under- 
goes structural remodeling involving cardiomyocyte hypertrophy and myocar- 
dial fibrosis. A number of factors, including angiotensin II, are involved in the 
process of cardiac remodeling. Angiotensin II has endocrine, autocrine and 
paracrine properties that influence the behavior of cardiac cells and extracellu- 
lar matrix via the type 1 receptor. For instance, angiotensin II has been shown 
to induce collagen types I and III deposition in a number of cardiac conditions 
characterized by the presence of myocardial fibrosis. Angiotensin Il-dependent 
fibrosis can be the result of both stimulation of synthesis and secretion of fibril- 
lar collagen precursors by cardiac fibroblasts and inhibition of collagen fiber 
degradation by matrix metalloproteinases. Emerging evidence is providing sup- 
port that myocardial fibrosis is associated with a progressive decline in cardiac 
function, namely diastolic function overtime. Thus, to reduce the risk of heart 
failure that accompanies chronic cardiomyopathies, fibrosis must be targeted 
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for pharmacological intervention. Available experimental and clinical data sug- 
gest that agents that inhibit angiotensin-converting enzyme or block type 1 re- 
ceptor may provide such a cardioprotective effect. 

Keywords Angiotensin • Cardiac remodeling collagen • Heart failure • 
Myocardial fibrosis 

1 

Introduction 

In response to mechanical and/or metabolic stress, the heart undergoes struc- 
tural remodeling involving cardiomyocyte hypertrophy and myocardial fibrosis. 
Cardiomyocyte hypertrophy involves an increase in contractile and embryonic 
protein content, which occurs when transcription of genes that encode for these 
cardiac proteins are activated (Hunter et al. 1999). Myocardial fibrosis is the re- 
sult of exaggerated deposition of collagen types I and III fibers, a consequence 
of the predominance of synthesis over degradation of collagen types I and III 
molecules (Weber 1997). Cardiac remodeling is accompanied by progressive de- 
cline cardiac function over time, which underlies the pathogenesis of heart fail- 
ure in patients with chronic cardiac conditions (Cohn et al. 2000). 

It is now accepted that a number of systemically and locally expressed factors 
have key roles in the process of cardiac remodeling (Swynghedauw 1999). One 
of these factors is angiotensin II (ANG II). Whereas the role of ANG II in 
cardiomyocyte hypertrophy is well established and has been recently reviewed 
(Lijnen and Petrov 1999; Yamazaki et al. 1999), emerging evidence suggests that 
this peptide also induces myocardial fibrosis. Thus, this chapter will review the 
available information supporting the fibrotic role of ANG II in the heart, specif- 
ically the hypertensive left ventricle, as well as the potential cellular and molec- 
ular mechanisms involved. 

2 

General Aspects of Myocardial Fibrosis 



2.1 

Molecular Aspects 

Collagen types I and III are the major fibrillar collagens produced by fibroblasts 
in the adult heart. They exhibit the characteristic triple helical conformation of 
3 polypeptide a chains. Fibrillar collagen in the heart provides structural scaf- 
folding for cardiomyocytes and coronary vessels, and imparts physical proper- 
ties, such as stiffness and resistance to deformation, to cardiac tissue (Weber 
1989). In addition, fibrillar collagen may also act as a link between contractile 
elements of adjacent cardiomyocytes, and as a conduit for information neces- 
sary for cell function. 
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Table 1 Factors modulating collagen types I and III turnover in the myocardium 



Factors that facilitate the predominance of synthesis over degradation 
Vasoactive substances 

Angiotensin II, endothelin-1, catecholamines 
Growth factors 

Transforming growth factor-^b platelet derived growth factor, basic fibroblast growth factor, 

insulin-like growth facto r-1 

Hormones 

Aldosterone, deoxycorticosterone 
Cytokines 
Interleukin -1 
Adhesion molecules 
Osteopontin 

Factors that facilitate the predominance of degradation over synthesis 
Vasoactive substances 

Bradykinin, prostaglandins, nitric oxide, natriuretic peptides 
Growth factors 
Hepatocyte growth factor 
Hormones 
Glucocorticoids 
Cytokines 

Tumoral necrosis factor-cr, interferon-7 
Endogenous peptides 

A/-acetyl- seryl-aspa rtyl -lysyl- proli ne ( Ac-S D KP) 



As in other organs, collagen turnover in normal adult heart results from the 
equilibrium between synthesis and degradation of collagen types I and III mole- 
cules (Burlew and Weber 2000). Synthesis of collagen molecules follows the nor- 
mal pattern of protein synthesis, but differs in that the newly formed a chains 
undergo a number of post-translational modifications. Extracellular degrada- 
tion of collagen fibers is mediated by collagenase and other members of the ma- 
trix metalloproteinase (MMP) family of zinc-containing endoproteinases. The 
active form of collagenase can be inhibited by interaction with specific, natural- 
ly occurring tissue inhibitors of MMPs (TIMPs). 

A number of factors have been described that may alter the balance between 
synthesis and degradation of fibrillar collagen (Table 1) (Burlew and Weber 
2000). Predominance of synthesis over degradation leads to increased interstitial 
and perivascular deposition of collagen types I and III, and consequently to fi- 
brosis that accompanies cardiac diseases such as hypertensive heart disease 
(Fig. 1), ischemic cardiomyopathy, diabetic cardiomyopathy, and hypertrophic 
cardiomyopathy. 
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Normotensive rat 
A 



Hypertensive rat Losartan-treated 
hypertensive rat 




B hypertensive patient 

Fig. 1A, B Histological sections of the left ventricle from rats (A) and interventricular septal specimen 
biopsies from humans (B). Sections were stained with picrosirius red, and the interstitial collagen is 
identified in red. x20 



2.2 

Pathophysiological Aspects 

Several arguments support the concept that myocardial fibrosis is particularly 
important in the development of heart failure associated with cardiac remodel- 
ing, namely, in hypertensive heart disease (Diez et al. 2001). Firstly, interstitial 
fibrosis contributes to ventricular wall stiffness and consequently impairs cardi- 
ac compliance, contributing to impaired diastolic function. Secondly, since nei- 
ther the collagen network nor the fibroblasts contribute to systolic contraction, 
increased collagen deposition and fibroblast volume means that systolic work is 
being performed by a smaller proportion of the cardiac mass, contributing to 
systolic dysfunction. Thirdly, perivascular fibrosis leads to an increased distance 
over which oxygen must diffuse and therefore potentially lowers the Pa 02 of 
working cardiomyocytes. Finally, electrical coupling of cardiomyocytes may be 
impaired by accumulation of collagen proteins and fibroblasts, since such accu- 
mulation causes morphological separation of cardiomyocytes. 
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3 

Role of ANG II in Myocardial Fibrosis 

Observations that myocardial fibrosis is present not only in the left ventricle but 
also in the right, and in the interventricular septum of subjects with arterial hy- 
pertension, suggests that apart from hypertension, some systemically and/or lo- 
cally produced humoral factor may also contribute to hypertensive myocardial 
fibrosis. Various lines of evidence support a role for ANG II as one potential 
candidate. 



3.1 

In Vivo Evidence 



3.1.1 

Animal Models 

Endogenous elevations in circulating ANG II that accompany unilateral renal ar- 
tery stenosis (Sun et al. 1997) or infusion of exogenous ANG II (Jalil et al. 1991) 
are associated with increased blood pressure and fibrosis. The appearance of 
such fibrous tissue formation is preceded by increased expression of angioten- 
sin II type 1 (ATi) receptors, transforming growth factor- (TGF-^i), and 
mRNA for collagen types I and III (Everett et al. 1994). In addition, fibrosis de- 
velopment involves fibroblast proliferation and differentiation into myofibrob- 
lasts (Campbell et al. 1995). Two observations suggest that the ability of ANG II 
to induce cardiac fibrosis in these models is independent of its hypertensive ac- 
tion. Firstly, fibrosis in the renal artery stenosis model develops both in low- 
pressure right and left atria and right ventricle, and in high-pressure left ventri- 
cle (Brilla et al. 1990). Secondly, cardiac fibrosis in the ANG II infusion model 
can be prevented by either angiotensin converting enzyme (ACE) inhibitors or 
ATi receptor antagonists, but not hydralazine or prazosin, in spite of similar an- 
tihypertensive efficacy of these compounds (Kim et al. 1995; Crawford et al. 
1994). The critical role of ANG II in hypertension-associated cardiac fibrosis is 
further supported by the observation that experimental infrarenal aortic bind- 
ing, which does not induce ANG II, causes blood pressure elevation and car- 
diomyocyte hypertrophy but not cardiac fibrosis (Brilla et al. 1990). 

The hypertensive Ren2 rat provides a well-established model of ANG Il-de- 
pendent cardiac hypertrophy (Lee et al. 1996). Several studies have revealed that 
interstitial and perivascular fibrosis, along with extensive collagen types I and 
III deposition, are present in Ren2 rats (Bishop et al. 2000; Pinto et al. 2000; 
Rothermund et al. 2002). Increased cardiac renin and ANG II levels have also 
been described in this transgenic rat model (Lee et al. 1996). In addition, cardiac 
lesions in Ren2 rats are very sensitive to ACE inhibition and ATi receptor antag- 
onism (Teisman et al. 1998). As a result, the development of hypertrophy and 
fibrosis in the heart of these animals has been attributed, at least partially, to 
local activation of the cardiac renin-angiotensin system. 
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3.1.2 

Pharmacological Studies 

Experimental Findings. Pharmacological interventions with ACE inhibitors or 
ATi receptor antagonists have underscored the potential importance of ANG II 
in the mediation of cardiac fibrosis in pathological conditions such as primary 
hypertension. In rats with spontaneous hypertension (SHRs) and left ventricular 
hypertrophy, myocardial fibrosis is regressed by treatment with the ACE inhibi- 
tor lisinopril (Brilla et al. 1991). This effect occurred independently of the drug’s 
antihypertensive effect (Brilla et al. 1991). On the other hand, it has been found 
that chronic ATi receptor antagonism with losartan resulted in reversal of fibro- 
sis, inhibition of post-transcriptional synthesis of procollagen type I, inhibition 
of TIMP-1 expression and stimulation of collagenase activity in the left ventricle 
of adult SHRs (Varo et al. 1999, 2000) (Fig. lA). Analysis of individual data 
showed that the intensity of these myocardial changes was independent of the 
antihypertensive efficacy of the drug (Varo et al. 1999, 2000). 

Clinical Findings. The fibrogenic role of ANG II in humans has been investigat- 
ed in three recent prospective trials of limited size, of patients with biopsy-pro- 
ven myocardial fibrosis, essential hypertension and left ventricular hypertrophy. 
Schwartzkopff et al. (2000) studied 14 patients before and after 1 year of treat- 
ment with the ACE inhibitor perindopril. Structural analysis revealed diminu- 
tion of perivascular and interstitial fibrosis following treatment. The observed 
regression of fibrosis upon ACE inhibitor treatment was observed in the non- 
pressure-overloaded right ventricle, indicating that the antifibrotic effect was 
not solely due to a reduction in left ventricular pressure. Brilla et al. (2000) ran- 
domized 35 previously treated patients with controlled blood pressure to receive 
either the ACE inhibitor lisinopril or the diuretic hydrochlorothiazide for 
6 months. Only patients randomized to lisinopril had a significant reduction in 
myocardial fibrosis. Blood pressure reduction was similar in patients treated 
with either lisinopril or hydrochlorothiazide. Lopez et al. (2001) studied 37 
treated patients with uncontrolled blood pressure. After randomization, 21 pa- 
tients were assigned to the ATi receptor antagonist losartan and 16 to the calci- 
um channel blocker amlodipine for 12 months. Whereas myocardial fibrosis de- 
creased significantly in losartan-treated patients, this parameter remained un- 
changed in amlodipine-treated patients (Fig. IB). Similar reductions in blood 
pressure from both losartan-treated and amlodipine-treated patients were not- 
ed. Collectively, these observations support the concept that in addition to pres- 
sure overload, ANG II induces myocardial fibrosis in essential hypertension. 



3.2 

Cellular and Molecular Mechanisms 

Increasingly accumulated evidence strongly indicates that ANG II exerts multi- 
ple profibrotic effects in the heart, including induction of fibroblast hyperplasia, 
activation of collagen biosynthetic pathways and inhibition of collagen degrada- 
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Fig. 2 Summary of angiotensin II (ANG II) effects on fibrillar collagen metabolism acting via the angio- 
tensin II type 1 receptor (AT^r) in cardiac fibroblasts. Cofactors of these effects are OPN, osteopontin; 
aVp3, a\/p3 integrin ; TGF-pu transforming growth factor-betal; ET-I, endothelin-1; PAI-1, plasmino- 
gen activator inhibitor-1. (TIMP-1, tissue inhibitor of matrix metalloproteinase-1) 



tive pathways (Fig. 2). In addition, available data indicate that these effects may 
result from either the direct action of ANG II or a synergistic cooperation be- 
tween this peptide and other profibrotic factors. 



3.2.1 

Stimulation of Fibroblast Proliferation 

In vitro studies of rat and human cardiac fibroblasts have shown that ANG II 
stimulates cell proliferation via the ATi receptor (Sadoshima and Izumo 1993). 
Results in the literature indicate that the proliferative response of fibroblasts to 
ANG II might well be mediated by stimulation of synthesis of growth or inflam- 
matory substances such as platelet-derived growth factor (PDGF) and cy- 
tokines, by integrin activation due to adhesion proteins or by a combination of 
these mechanisms (Bouzegrhane and Thibault 2002; Schnee and Hsueh 2000). 

For instance, ANG II strongly up-regulates the expression of osteopontin and 
its ligand, aVP3 integrin, in rat and human cardiac fibroblasts (Ashizawa et al. 
1996; Graf et al. 2000). Interestingly, elevated left ventricular osteopontin expres- 
sion has been reported in the Ren2 rat model, which is characterized by high 
myocardial ANG II concentrations (Rothermund et al. 2002). Monoclonal anti- 
bodies directed against either osteopontin or aVP3 integrin completely blocked 
the mitogenic effects of ANG II on cultured rat cardiac fibroblasts (Ashizawa et 
al. 1996), thus suggesting that osteopontin mediates ANG Il-induced fibroblast 
proliferation via an integrin-dependent pathway. 



3.2.2 

Stimulation of Collagen Synthesis 

Although different signaling pathways of the ATi receptor may subserve direct 
ANG Il-induced collagen synthesis in cardiac fibroblasts (Dostal et al. 1996), re- 
cent data suggest that the MAP/ER kinase pathway appears to play a major role 
(Tharaux et al. 2000). The end result of signaling mechanisms is activation of 
transcription factors, which bind to various c/s-acting elements in the regulatory 
sequences of al and al collagen type I, and al collagen type III genes (Tharaux 
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et al. 2000; Ghiggeri et al. 2000). This, in turn, will couple with gene expression 
and the synthesis of collagen types I and III precursor molecules (Crabos et al. 
1994; Villarreal et al. 1993). 

On the other hand, a number of studies provide strong evidence that in car- 
diac fibroblasts, ANG II indirectly regulates collagen synthesis via specific 
growth factors (Dostal 2001). Principal candidates include TG¥~Pi and endothe- 
lin-1. 

In fact, ANG II has been shown to induce collagen type I gene expression via 
activation of TGV-pi signaling pathways (e.g., connective tissue growth factor, 
and Smad proteins), and these effects were blocked by the ATi receptor antago- 
nist losartan (Hao et al. 2000). ANG II has also been shown to increase TGV-Pi 
expression in cultured cardiac fibroblasts, via stimulation of the ATi receptor 
(Sadoshima and Izumo 1993). Recent data suggest that a Kriippel-like zinc-fin- 
ger transcription factor 5 (KLF5; also known as BTEB2 and IKLF) is critically 
involved in ANG Il-induced TGF-/?i expression, collagen synthesis and develop- 
ment of cardiac fibrosis (Shindo et al. 2002). Besides up-regulation of cardiac 
gene TGF-y^i expression, ANG II has been reported to convert latent TGF-^^i to 
the active protein in the in vivo heart (Tomita et al. 1998). 

Endothelin-1 is synthesized and released by cardiac fibroblasts in response to 
the interaction between ANG II and the ATi receptor (Gray et al. 1998), and has 
been shown to stimulate the synthesis of collagen types I and III in these cells 
(Guarda et al. 1993). In several rat models of arterial hypertension, blockade of 
endothelin receptors is associated with a decrease in left ventricular collagen ac- 
cumulation (Ammarguellat et al. 2001; Yamamoto et al. 2002a). 

Some in vivo evidence suggests that ANG II also influences post-translational 
processing of cardiac fibrillar collagen. It has been shown that ANG II infusion 
is associated with stimulation of prolyl 4-hydroxylase (an enzyme that mediates 
hydroxylation of procollagen a-chains in the endoplasmic reticulum of cardiac 
fibroblasts) in the rat left ventricle (Leipala et al. 1988) In addition, it has been 
reported that immunoreactive prolyl 4-hydroxylase concentrations decrease sig- 
nificantly in ventricles of postmyocardial infarcted rats treated with the ATi re- 
ceptor antagonist losartan (Ju et al. 1997). 



3 . 2.3 

Inhibition of Collagen Degradation 

In addition to collagen synthesis, ANG II stimulation of the ATi receptor has 
been shown to regulate collagen degradation by attenuating interstitial collage- 
nase activity in adult rat (Sadoshima and Izumo 1993) and human (Funck et al. 
1997) cardiac fibroblasts, and by enhancing TIMP-1 production in rat heart en- 
dothelial cells (Chua et al. 1996). 

A number of factors may mediate the inhibitory effects of ANG II on car- 
diac collagen degradation (e.g., TGF-)0i and plasminogen activator inhibitor- 1, 
PAI-1). Cell culture studies on human fibroblasts show that exposure of these 
cells to TGF-^i in the presence of other growth factors (e.g., epidermal growth 
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factor and basic fibroblastic growth factor) resulted in down-regulation of colla- 
genase and up-regulation of TIMP-1 (Edwards et al. 1987; Chua et al. 1991). 
Similar findings have been reported in the fibrotic myocardium of TGF-y^i 
transgenic mice (Seeland et al. 2002). 

Activation of the ATi receptor in human cardiac fibroblasts has been shown 
to promote stimulation of PAI-1 expression (Kawano et al. 2000). This stimula- 
tory effect has been confirmed in the left ventricle of ANG Il-induced hyperten- 
sive rats (Kobayashi et al. 2002). PAI-1 inhibits the activation of collagenase and 
other matrix metalloproteinases, and thereby collagen degradation (Yamamoto 
and Saito 1998; Dollery et al. 1995). 



3.3 

Emerging Aspects 



3.3.1 

Communication Between Cardiomyocytes and Fibroblasts 

Cross-talk between fibroblasts and cardiomyocytes has been demonstrated to 
be an important factor in ANG Il-stimulated cardiomyocyte growth by ANG II 
(Harada et al. 1997; Sil and Sen 1997). Similarly, emerging evidence suggests 
that cardiomyocyte-originated factors may modulate the response of fibroblasts 
to ANG II. 

Matsusaka et al. (1999) have reported that in ATi receptor chimeric mice, in 
response to ANG II infusion, cardiac fibroblasts proliferate through both local 
and systemic actions of the peptide. Importantly, the former is determined by 
the ATi receptor of neighboring cardiomyocytes, indicating that nonidentified 
growth factors may be produced by activated cardiomyocytes, which stimulate 
fibroblasts in a paracrine fashion. 

Molkentin et al. (1998) generated transgenic mice overexpressing activated 
forms of calcineurin or NF-AT3, the calcium-dependent signal transducing mol- 
ecule that is activated by various stimuli, including ANG II. These mice develop 
cardiomyocyte hypertrophy and cardiac fibrosis. Since the transgene expression 
is controlled by the a-myosin heavy chain gene promoter and hence thought to 
be limited to cardiomyocytes, the above results suggest that activated cardiomy- 
ocytes can generate a paracrine factor that stimulates fibroblast activity leading 
to fibrosis. 

Pathak et al. (2001) have reported that expression of collagen types I and III 
mRNAs, in cardiac fibroblasts coincubated with ANG II, is significantly in- 
creased when fibroblasts were also cocultured with cardiomyocytes. In addition, 
when the supernatants from cardiomyocyte cultures were added to the fibro- 
blasts, similar up-regulation of collagen was observed. These findings suggest 
that a cardiomyocyte-derived soluble cofactor is an important mediator of ANG 
Il-induced collagen synthesis in cardiac fibroblasts. 

Osteopontin has been identified in cultured rat cardiomyocytes (Singh et al. 
1995). Furthermore, cardiomyocytes appear to be the primary source of osteo- 
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pontin in the fibrotic myocardium of rats and humans with pressure overload- 
induced heart failure (Graf et al. 1997; Singh et al. 1999). Thus, it remains to be 
determined whether either cardiomyocyte- or fibroblast-derived osteopontin 
contributes effectively to the profibrotic effects of ANG II. 



3.3.2 

Role of the Angiotensin II Type 2 (AT 2 ) Receptor 

The role of AT 2 receptor signaling in cardiac collagen metabolism is still debat- 
able because of conflicting data. Some studies suggest that ATi and AT 2 recep- 
tors induce phenotypically opposite responses. In experiments performed in fi- 
broblasts isolated from myopathic hamster hearts, Ohkubo et al. (1997) provid- 
ed evidence that the AT 2 receptor is a negative regulator of cell growth and col- 
lagen synthesis. In support of this, Tsutsumi et al. (1998) found that the AT 2 re- 
ceptor is up-regulated in failing human hearts with interstitial fibrosis, and that 
AT 2 receptors present in fibroblasts exert an inhibitory effect on ANG Il-in- 
duced mitogen signals (e.g., MAPK activation). Liu et al. (1997) reported that 
the antifibrotic effect of AT 1 receptor antagonists is mediated in part by activa- 
tion of AT 2 receptor in a model of myocardial infarction-induced heart failure 
in rats. One possibility is that activation of the AT 2 receptor inhibits collagen 
synthesis by stimulating kinin production (Kim et al. 1999; Liu et al. 1997). 

Conversely, other evidence suggests that simultaneous activation of both ATi 
and AT 2 receptors may stimulate a signaling pathway that results in up-regula- 
tion of collagen in parallel, rather than in opposite, directions. Brilla et al. 
(1994) reported that ANG II stimulated collagen synthesis via both ATi and AT 2 
receptors in cultured adult rat cardiac fibroblasts, and that ANG Il-induced in- 
hibition of collagenase activity was specifically mediated by the AT 2 receptor. In 
support of these findings, Ichihara et al. (2001) reported that ANG Il-induced 
cardiac fibrosis was attenuated in mice lacking the AT 2 receptor gene. 



3.3.3 

Contribution of ANG Il-induced Cardiomyocyte Death 

Myocardial fibrosis may develop in the absence (e.g., reactive fibrosis) or the 
presence (replacement fibrosis) of cardiomyocyte loss. As proposed by Anversa 
et al. (1996), death of individual cardiomyocytes may be more common than 
generally believed, and this phenomenon may stimulate discrete healing pro- 
cesses contributing to interstitial fibrosis. This proposal is further supported by 
the finding that fibrosis is associated with cardiomyocyte loss in the left ventri- 
cle of hypertensive patients (Olivetti et al. 1994). Furthermore, Bing et al. (1997) 
reported that failing hearts from SHRs present colocalization of collagen al type 
I gene expression to areas of focal cardiomyocyte degeneration. 

Various experimental and clinical observations would suggest that ANG II 
may induce cardiomyocyte cell death and this, in turn, contributes to myocar- 
dial fibrosis. Previous studies in rats showed that ANG II infusion induces focal 
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necrosis of cardiomyocytes, with subsequent fibroblast activation and collagen 
deposition (Kabour et al. 1995; Ratajska et al. 1994). Cardiomyocyte injury was 
unrelated to the hypertensive or enhanced adrenergic effects of ANG II and was 
prevented by ACE inhibition and AT i receptor antagonism. 

On the other hand, it has been reported that the binding of ANG II to the ATi 
receptor induces apoptosis of rat cardiomyocytes (Cigola et al. 1997; Kajstura et 
al. 1997). In addition, an association has been found between myocardial ACE 
activity, cardiomyocyte apoptosis and interstitial fibrosis in SHRs (Diez et al. 
1997) and patients with essential hypertension (Gonzalez et al. 2002). Further- 
more, chronic treatment with the ATi receptor antagonist losartan reduced both 
cardiomyocyte apoptosis and fibrosis in SHRs (Fortuno et al. 1998) and hyper- 
tensive patients (Gonzalez et al. 2002), these effects being independent of the hy- 
potensive effect of the compound. 



3.3.4 

Interactions with Aldosterone 

Aldosterone has been shown to stimulate collagen synthesis via the mineralo- 
corticoid receptor in isolated cardiac fibroblasts (Brilla et al. 1994). Since ANG 
II increases aldosterone secretion and chronic aldosterone excess is associated 
with marked interstitial and perivascular fibrosis that can be prevented with spi- 
ronolactone treatment (Brilla et al. 1993), an increase in this mineralocorticoid, 
thus, may be a mechanism for ANG Il-induced cardiac fibrosis in some forms 
of arterial hypertension. 

Alternatively, an increase in the density of ATi receptors has been observed 
in the heart of aldosterone salt-treated rats (Sun and Weber 1993). In addition, 
the ATi receptor antagonist losartan prevents fibrosis and up-regulation of col- 
lagen types I and III mRNAs in the heart of aldosterone salt-treated rats (Robert 
et al. 1999). Taken together, these findings support the hypothesis that one 
mechanism by which aldosterone induces cardiac fibrosis involves ANG II act- 
ing via ATi receptors. Since aldosterone production is activated in the hypertro- 
phied left ventricle of SHRs (Takeda et al. 2000) and hypertensive patients 
(Yamamoto et al. 2002b), it is thus possible that aldosterone contributes to ANG 
Il-mediated myocardial fibrosis in primary hypertension. 

4 

Conclusions and Perspectives 

Structural homogeneity of cardiac tissue is governed by mechanical and humor- 
al factors that regulate cell growth, apoptosis, phenotype, and extracellular ma- 
trix turnover. ANG II has endocrine, autocrine and paracrine properties that in- 
fluence the behavior of cardiac cells and matrix via ATi receptor binding. Thus, 
various paradigms have been suggested, including ANG Il-mediated up-regula- 
tion of collagen types I and III formation and deposition in cardiac conditions 
such as hypertensive heart disease. To reduce the risk of heart failure that ac- 
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companies hypertensive heart disease, its adverse structural remodeling (e.g., 
myocardial hypertrophy and fibrosis) must be targeted for pharmacological in- 
tervention. Thus, cardioprotective agents must reverse not only the exaggerated 
growth of cardiac cells, but also regress existing abnormalities in fibrillar colla- 
gen. Available experimental and clinical data suggest that agents interfering with 
either ACE or AT i receptor may provide such a cardioprotective effect. 
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Abstract Cardiac angiotensin II type -1 (ATi) and angiotensin II type -2 (AT2) 
play a crucial role in mediating the myocardial effects of angiotensin II (Ang II). 
ATi mediates most of the known Ang II effects, whereas the role of AT2 is still 
controversial. AT2 is the predominant subtype in the human heart and its acti- 
vation is proposed to counteract ATi-mediated effects. Expression and regula- 
tion of ATi and AT2 is disease dependent and locally inhomogeneous. ATR regu- 
lation occurs at different levels and involves rapid desensitization, receptor in- 
ternalization, attenuation of transcription and post-transcriptional mRNA 
destabilization. Also, alternative splicing of ATi and AT2 mRNA may represent a 
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mechanism of ATR regulation. ATi splice patterns differ between controls and 
failing hearts, possibly leading to differences in ATi mRNA translation. ATi con- 
tent is reduced in LVH, heart failure and in transplanted human hearts. Howev- 
er, data on AT 2 regulation are conflicting. Signal transduction following ATi 
stimulation is mediated by activation of PKC, the MAP kinase pathway and im- 
mediate early genes. In addition, the JAK-STAT pathway, tyrosine phosphoryla- 
tion and NF-/cB seem to be involved. In contrast, AT 2 receptor stimulates protein 
tyrosine phosphatase activity and leads to inhibition of phosphotyrosine phos- 
phatase IB in fibroblasts. Regulation of the AT 2 receptor in human heart occurs 
also by elements in intron 1. Factors such as nitric oxide, hypercholesterolemia, 
statins and estrogens are closely related to the expression of the cardiac ATR. 
Nitric oxide, statins and estrogen can attenuate Ang Il-mediated adverse effects 
and may in part have protective effects in cardiovascular disease. Cardiac RAS 
and collagen synthesis are activated in human aortic valve stenosis and regurgi- 
tation. However, Ang II seems not to be a necessary factor for LVH in most ani- 
mal models. Genetic data also suggest that AT 2 has a role in human LVH. The 
+ 1675 G/A-polymorphism of the X-chromosomal located AT 2 receptor modu- 
lates LV structure in white, young male subjects with normal or mildly elevated 
blood pressure and is associated with LVH in these subjects. Further under- 
standing of the disease-specific regulation and function of ATi and AT 2 may lead 
to a differential pharmacotherapy in LVH and early stages of heart failure. 

Keywords Angiotensin • Receptor • Myocardium • Hypertrophy • Genetics 

Abbreviations 

ATR Angiotensin II receptor 

ATi Angiotensin II receptor type 1 

AT 2 Angiotensin II receptor type 2 

RAS Renin- angiotensin system 

LVH Left ventricular hypertrophy 

1 

Introduction 

Cardiac angiotensin II type-1 (ATi) and angiotensin II type-2 (AT 2 ) play a cru- 
cial role in mediating the myocardial effects of angiotensin II (Ang II). In this 
chapter, we will discuss ATi and AT 2 subtype-specific receptor expression, regu- 
lation in cardiac diseases, cellular localization, signal transduction, and myocar- 
dial effects. A number of phenomena are similar in rodent and in human hearts, 
but in a number of aspects, the human heart seems to differ from animal hearts. 
Specific consideration will be given to the human heart. 
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2 

Receptor Expression and Regulation in Cardiac Disease 

Expression of angiotensin II receptors (ATRs) in rodent and human hearts has 
known for more than 10 years (Grady et al. 1991; Sechi et al. 1993). Both sub- 
types were found in the myocardium (Timmermans et al. 1992; Sechi et al. 
1992). Cloning of the ATi and AT 2 receptor allowed more specific expression 
analysis of ATi and AT 2 (Kambayashi et al. 1993; Koike et al. 1995). Papers that 
described regulation with cardiac hypertrophy in animal models followed 
(Lopez et al. 1994). Shortly thereafter in 1995, we and others described the dis- 
ease-dependent regulation of ATi and AT 2 in the human heart (Regitz-Zagrosek 
et al. 1995; Rogg et al. 1996). To assess the chamber localization, subtype distri- 
bution, and regulation of human myocardial ATRs in heart failure, we deter- 
mined the binding of Ang II and the subtype-specific antagonists Dup 753 (ATp 
specific) and PD 123319 (AT 2 -specific) in atria from patients with normal or 
moderately impaired cardiac function and in atria and ventricles from explant- 
ed end-stage failing hearts. The number of Ang II binding sites in sarcolemmal 
fractions was significantly reduced in explanted end-stage failing hearts in com- 
parison with control subjects and moderate heart failure. The dissociation con- 
stants were comparable in nonfailing and failing hearts. In nonfailing human 
hearts, 69% of binding sites were classified as AT 2 ; whereas 33% were classified 
as ATi. In explanted hearts, comparable ratios of 66% AT 2 sites and 34% ATi 
sites were found. ATi mRNA content was reduced to about one- third of the level 
in control subjects in end-stage failing hearts (Fig. 1). We concluded that ATRs 
in human myocardium are present in relatively low numbers, and AT 2 is the 
predominant subtype. A significant loss of ATRs occurs in end-stage heart fail- 
ure. The loss of ATRs affects both subtypes to a comparable degree. The data 
suggested that the decrease in receptor density was due to a decrease in steady- 
state mRNA abundance. 

Further studies also confirmed that both normal and hypertrophied human 
myocardium predominantly contains the AT 2 receptor subtype and that these 
receptors are down-regulated in hypertrophied tissues (Nozawa et al. 1996). 
Later studies also aimed at correlation with cardiac function (Zisman et al. 1998). 
In order to asses ATR regulation in patients with moderately decreased cardiac 
function, ATi mRNA content was measured in right ventricular endomyocardial 
biopsies from patients with heart failure due to dilated cardiomyopathy (DCM). 
In the biopsies from patients with heart failure, a 68% decrease in ATi mRNA 
content was found in comparison with controls. A close correlation existed be- 
tween ATi mRNA content and left and right ventricular ejection fraction (ATi/ 
LVEF: r=0.43, p<0.05; ATi/RVEF: r=0.59, p<0.01) (Fig. 2). The loss of ventricular 
ATi mRNA in human heart failure corresponded to the loss of ATi protein de- 
scribed previously, suggesting that down-regulation occurs at transcriptional 
level (Regitz-Zagrosek et al. 1997). 

Interestingly, down-regulation of ATRs also occurred in transplanted human 
hearts (Regitz-Zagrosek et al. 1996a). Right ventricular biopsies from patients 




212 J. Fielitz • V. Regitz-Zagrosek 



Bmax 

(fmol/mg Protein) 





n»lO n*6 n*l4 n"14 n-T n*7 n»7 

B EF*as EF30-SS explanted Hearts 



Fig.1. A The number of binding sites (Bmax) in right atrial (RA) sarcolemmal membrane fractions from 
explanted end-stage failing hearts (EFH) was significantly reduced in comparison with control subjects 
[left ventricular ejection fraction (£f), >55%] or moderate heart failure (EF, 30%-55%). Bmax in the left 
atrium (LA) and In the right and left ventricles (RV and LV) of explanted end-stage failing hearts was 
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Fig. 2A, B Correlation between ATi mRNA expression and right and left ventricular ejection fraction 
(RVEV, LVEF). Patients with DCM are depicted as circles and controls are depicted as squares. The num- 
ber of AT] copies is plotted against RVEF (A) and LVEF (B) and the equation of the regression line is 
indicated in the figure. Correlation coefficients are r=0.59, p<0.0^ for ATi/RVEF and r=0.43, p<0.05 for 
ATi/LVEF. There is no significant correlation between LV or RVEF and AT] within the DCM group (LVEF/ 
ATi, r=-0.30, p=0.3, n.s.; RVEF, r=+0.40, p=0.19, n.s.) 



after heart transplantation with normal cardiac function were compared with 
patients with normal cardiac function undergoing diagnostic catheterization to 
exclude myocarditis, and in whom no evidence of cardiac disease was found. 
AT 1 mRNA content was reduced by 46% in right ventricular biopsies after heart 
transplantation compared with controls (Fig. 3). No association between the ex- 
tent of ATi down-regulation and clinical or hemodynamic variables was detect- 




Fig. 3 Number of ATi nnRNA copies/ng RNA, ATi/GAPDH mRNA ratios, and GAPDH mRNA contents in 
transplanted and in control hearts. The number of ATi copies/ng RNA and the ATi/GAPDH ratios were 
significantly reduced in the transplanted hearts 
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ed. Thus, in the human heart ventricular ATi is down-regulated after heart 
transplantation and the decrease in ATi mRNA is not associated with altered 
systolic function. This has implications for the understanding of ATi function, 
suggesting that it does not contribute to systolic function at rest (Regitz- 
Zagrosek et al. 1996a). 

Whereas down-regulation of AT i at mRNA and protein levels was confirmed 
by all authors, data on AT 2 regulation were conflicting, including up-, down- 
and no regulation. 

We determined subtype numbers and distribution of AT 2 by ligand-binding 
studies in ventricular myocardium from patients with end-stage heart failure 
due to coronary artery disease and DCM. We found that about 50%-80% of 
ATRs belonged to the AT 2 subtype in the right and left ventricles from patients 
with end-stage heart failure, confirming that AT 2 is the dominant ATR subtype 
in the human heart (Regitz-Zagrosek et al. 1996b; Regitz-Zagrosek et al. 1998). 
A down-regulation of AT 2 receptors was shown in hypertrophied human myo- 
cardium (Nozawa et al. 1996). Others found no regulation of AT 2 gene expres- 
sion in human heart failure (Asano et al. 1997; Haywood et al. 1997). However, 
according to Tsutsumi et al., an AT 2 receptor up-regulation has also been re- 
ported in failing hearts caused by myocardial infarction and DCM (Tsutsumi et 
al. 1998). Fibroblasts present in the interstitial regions were the major cell type 
responsible for AT 2 expression (Tsutsumi et al. 1998). The expression level of 
AT 2 receptor seems therefore to be determined by the extent of interstitial fibro- 
sis associated with heart failure and seems to vary more in different models 
than ATi expression. 

In ischemic heart disease, ATR regulation is locally inhomogeneous. Radioli- 
gand-binding studies, in agreement with previous investigations, showed that 
AT 2 receptors represent 70%-77% of the sites in noninfarcted myocardium 
(Wharton et al. 1998). Endocardial, interstitial, perivascular and infarcted re- 
gions in the ventricles of patients with end-stage ischemic heart disease exhibit- 
ed a significantly greater density of high-affinity AT 2 binding compared with ad- 
jacent noninfarcted myocardium. Regions displaying the relative increase in AT 2 
binding sites corresponded to areas of fibroblast proliferation and collagen de- 
position, shown by picrosirius red staining. ATi binding sites were localized to 
nerves, occurred at relatively low density in coronary vessels and represented 
only 23%-29% of myocardial Ang II binding sites. The border zone between in- 
farcted and noninfarcted myocardium characteristically contained numerous 
microvessels, exhibiting perivascular AT 2 receptors and endothelial angioten- 
sin-converting enzyme (ACE) activity. 

Complementary information on the regulation of ATRs was obtained in ani- 
mal models, including pressure overload, volume overload and myocardial isch- 
emia. 

On the cellular level, it was shown that mechanical stress plays a pivotal role 
in the development of cardiac hypertrophy during hemodynamic overload, and 
Ang II secreted from stretched myocytes mediates mechanical stretch-induced 
left ventricular hypertrophy (LVH). Both ATi receptor and AT 2 receptor mRNA 
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levels were up-regulated by stretching of neonatal rat myocytes with similar 
time courses. This could facilitate our understanding of ATR up-regulation in 
load-induced LVH (Kijima et al. 1996). 

To determine the distribution of cardiac ATi and AT 2 in LVH, Ang II, alone 
or in the presence of the ATi inhibitor losartan or an AT 2 inhibitor, was infused 
into isolated rat hearts with LVH from aortic banding. Control left ventricles 
contained predominantly the ATi subtype, whereas LVH ventricles contained 
primarily the putative AT 2 subtype (Lopez et al. 1994). This suggested that ATR 
subtype redistribution occurs in LVH with ATi subtype down-regulation. 

To investigate the regulation of the ATi in cardiac volume overload, ATi 
mRNA content was measured in the atria, left and right ventricle of rats with an 
aortocaval shunt, produced by infrarenal aortocaval puncture 4 weeks earlier. 
Heart weight was increased in the shunt animals, with the greatest increase in 
the atria. The ATi mRNA content was significantly increased in the atria, but no 
change was found in the right or left ventricle. The findings document that atrial 
hypertrophy in cardiac volume overload goes in parallel with a significant in- 
crease in atrial AT] mRNA content (Bauer et al. 1997). 

Regional changes in ATR density also occur after experimental acute myocar- 
dial infarction (MI). It has been shown that AT] and AT 2 are expressed on a rela- 
tively small number of cardiomyocytes in vivo and that an observed up-regula- 
tion of receptors after infarction involves other cells than cardiomyocytes 
(Busche et al. 2000). It has also been shown that the time-dependent increase in 
ATi and AT 2 is associated with early remodeling and is independent from ATi 
blockade (Zhu et al. 2000). Acute MI was induced in rats by left coronary artery 
ligation (Lefroy et al. 1996). The number of Ang II binding sites was unchanged 
at 18 h, but was increased at 7 days in the infarcted region of the left ventricle 
compared with the noninfarcted and with the LV myocardium of sham-operated 
control animals. The increased Ang II binding density was still present, but di- 
minished, at 8 months after acute MI and was identified as ATi binding sites. 
The regional increase in ATi receptor density in the infarcted region of myocar- 
dium was associated with fibroblast infiltration and collagen deposition. The in- 
farct scar and the cardiac fibroblasts within it expressed high levels of ATR and 
therefore were believed to represent potential targets for the actions of Ang II 
after acute ML 

3 

Regulation of Myocardial ATRs by Growth Factors 

To determine which mechanisms regulate ATRs at the molecular and cellular 
level, the effect of growth factors was studied. We found a protein kinase C 
(PKC) -dependent regulation of the human ATi promoter in vascular smooth 
muscle cells (VSMCs) mediated by the transcription factors activator protein 1 
(API) and Ets, which also plays a key role in cell growth, death, and differentia- 
tion (Regitz-Zagrosek 1996b). ATi mRNA expression in cultured bovine VSMCs 
increased twofold after 8 h of PKC activation with phorbol-acetate (PMA), 
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whereas stimulation with forskolin did not alter the ATi mRNA level. The ex- 
pression of ATi promoter/exon 1 luciferase constructs transfected into VSMCs 
increased 2.4-fold with PMA stimulation. In-gel kinase assays demonstrated ra- 
pid phosphorylation of mitogen -activating protein kinases (MAPK) ERKl and 
ERK2 by PMA. Electrophoretic gel mobility shift assays showed sequence-spe- 
cific binding of nuclear proteins from PMA-activated VSMCs, identified as AP-1 
complex in competition assays, to a radiolabeled ATi -promoter fragment. Site- 
specific mutagenesis destroying the AP-1 site, the adjacent polyoma enhancer 
activator 3 element, or both sites simultaneously, indicated that both sites to- 
gether are necessary and sufficient to control basal and PMA-induced activation 
of the human ATi promoter. The capability of the phorbol ester PMA to activate 
the human ATi promoter via an AP-1 element suggests a prominent role for 
PKC/MAPK and Ets proteins in ATi regulation. 

4 

Effects of Nitric Oxide on ATRs 

Another interesting modulator of cardiac ATRs is nitric oxide (NO) (Katoh et al. 
1998). The chronic administration of the inhibitor of NO synthesis, L-NAME to 
normal rats increased the arterial blood pressure and the number of ATi and 
AT 2 receptors, during the 1st week of L-NAME administration. However, ATR 
expression returned to control levels after 4 weeks of treatment. Inflammatory 
changes (monocyte infiltration and myofibroblast formation) in perivascular ar- 
eas surrounding coronary vessels and myocardial interstitial spaces were ob- 
served during the 1st week. Immunohistochemistry revealed that myofibrob- 
lasts expressed ATi receptor. ATi receptor blockade or cotreatment with L-argi- 
nine, but not cotreatment with hydralazine, prevented the L-NAME-induced in- 
crease in ATRs and inflammatory changes. This suggested that rat cardiac ATRs 
are up-regulated at an early phase of chronic inhibition of NO synthesis, which 
may contribute to cardiovascular inflammatory changes in an early phase and 
to remodeling at the later phase after inhibition of NO synthesis (Katoh et al. 
1998). 

Furthermore, continuous infusion of Ang II in subpressor and pressor doses 
leads to an increase of NO synthases 1 (NOSl, 160-kDa) and 3 (NOS3, 135-kDa) 
to approximately 200% in the rat myocardium. Immunohistochemistry in this 
study showed that NOSl and NOS3 are differentially expressed in myocardial 
cells. Ang II infusion enhanced the tissue immunoreactivity of both isoforms in 
their specific locations but did not change the distribution throughout the myo- 
cardium. Consequently, long-term increases in circulating Ang II levels could 
up-regulate the NOSl and NOS3 protein expression and therefore the function 
of the local myocardial NO system (Tambascia et al. 2001). 

In summary, Ang II and NO seem to closely modulate their function with NO 
attenuating Ang Il-mediated adverse effects. 




Pathophysiology of Cardiac AT] and AT 2 Receptors 217 



5 

Regulation of ATRs by Statins and Estrogens 

Statins are drugs for the treatment of hypercholesterolemia and have been re- 
ported to interact with elevated blood pressure (Glorioso et al. 1999). A reduc- 
tion in blood pressure associated with the use of statins has been reported in 
patients with untreated hypertension and in patients treated with antihyperten- 
sive drugs, particularly ACEI and calcium channel blockers (Glorioso et al. 
1999; Borghi et al. 2000). The mechanism responsible for the hypotensive effect 
seems to be partially related to the interaction with ATRs. 

Hypercholesterolemia leads to a significant increase in Ang Il-induced blood 
pressure elevation in men. Moreover, an up-regulation of ATi receptor expres- 
sion was found in hypercholesterolemic individuals compared with normocho- 
lesterolemic men. Hypercholesterolemia could therefore enhance biological ef- 
fects of Ang II in men. Cholesterol-lowering treatment with statins reversed the 
elevated blood pressure response to Ang II infusion (p<0.05) and down-regulat- 
ed ATi receptor density (p<0.05) (Nickenig et al. 1999). The capacity of statins 
to improve blood pressure control may contribute to its efficacy in the preven- 
tion of cardiovascular events. 

In rats transgenic for human renin and angiotensinogen, the statin cerivas- 
tatin ameliorates Ang Il-induced hypertension, cardiac hypertrophy, fibrosis, 
and remodeling independently of cholesterol reduction (Dechend et al. 2001). 
Cerivastatin and fluvastatin suppressed the ATi receptor promoter activity but 
did not affect ATi receptor mRNA stability, suggesting that the suppression oc- 
curs at the transcriptional level (Ichiki et al. 2001). Down-regulation of ATi re- 
ceptor may be a part of the pluripotent cholesterol-independent effects of sta- 
tins on the cardiovascular system. 

In addition, a major impact of estrogens on ATi receptor expression was 
found. In ovariectomized rats, estrogen-deficiency leads to an ATi receptor in- 
crease and estradiol substitution provoked a time-dependent down-regulation 
of ATi receptor mRNA and protein (Nickenig et al. 1998; Krishnamurthi et al. 
1999). Estrogen-induced down-regulation of ATi receptor mRNA and protein is 
mediated through activation of estrogen receptors. A possible mechanism for 
estrogen-induced AT] mRNA down-regulation is an estrogen-mediated reduc- 
tion in ATi receptor mRNA half-life, whereas transcription rate is not altered. 
(Nickenig et al. 2000). Furthermore, cytosolic RNA binding proteins that recog- 
nize the 5' leader sequence of the ATi receptor mRNA are modulated by estro- 
gen in an inverse manner to AT 1 receptor regulation. In vitro assays suggested 
that this inhibits ATi receptor translation (Krishnamurthi et al. 1999). These 
findings may in part account for the blood pressure lowering effects of estro- 
gen. 




218 J. Fielitz • V. Regitz-Zagrosek 



6 

Mechanisms of ATR Regulation 

Regulatory mechanisms of ATi involve rapid desensitization, receptor internal- 
ization, attenuation of transcription and post-transcriptional mRNA destabiliza- 
tion (Nickenig and Murphy 1994; Hein et al. 1997; Wang et al. 1997). Down-reg- 
ulation of ATi surface receptor expression is frequently induced by growth fac- 
tors such as epidermal growth factor, basic fibroblast growth factor (bFGF) and 
platelet- derived growth factor BB. This down-regulation is based to a major de- 
gree on a significant shortening of ATR mRNA half-life and to a minor degree 
on a decrease in transcription rate (Nickenig and Murphy 1994; Wang et al. 
1997). Rapid desensitization of ATi probably depends upon phosphorylation 
due to PKC, as it can be induced by activation of PKC with a short burst of 
PMA stimulation (Brock et al. 1985; Abdellatif et al. 1991). Another mechanism 
of ATR regulation is internalization of ATi receptors together with Ang II as a 
receptor-ligand complex. Endocytosis seems, however, not to be a regulatory 
mechanism for AT 2 upon agonist stimulation, showing evidence for subtype- 
specific receptor sorting and internalization (Hein et al. 1997). 

AT 2 is regulated independently from ATi. Little is known about the precise 
mechanisms in the human heart. The growth-dependent expression of AT 2 recep- 
tor in RT3 cells, a mouse fibroblast cell line that expresses only AT 2 receptors, is 
regulated by transcription factors interferon regulatory factor- 1 and -2 (Horiuchi 
et al. 1995). The regulatory effects of Ang II and several growth factors, including 
insulin-like growth factor 1 (IGF-1), bFGF and transforming growth factor betal 
(TGF^l) on the AT 2 receptor were also studied in RTS cells. The findings demon- 
strated that the main mechanism by which Ang II regulates the AT 2 receptor is by 
increasing the rate of AT 2 mRNA translation, whereas the stimulatory or inhibito- 
ry effects of the growth factors (IGF-1, bFGF and TGF/?1) on AT 2 expression were 
exerted at the transcriptional level (Li et al. 1999). Regulation of AI 2 gene in 
PC12W cells also occurs by the PKC-calcium pathway (Kijima et al. 1996). 

To study the regulation of the AT 2 receptor in human heart, we cloned the 
complete mRNA sequence and thereafter the promoter sequence from a human 
genomic library. A functional AT 2 promoter, with greater than 90% homology 
with the mouse promoter and 35% homology with the human ATi promoter 
containing numerous cis-acting sequences for basal (TFIID) and inducible (AP- 
1, PEA-3, CBF) transcription factors in the first 1,000 bp was identified (Regitz- 
Zagrosek et al. 1996b). To investigate in detail the mechanisms of human AT 2 
receptor gene regulation, we than functionally characterized the promoter and 
downstream regions of the gene. 5' terminal deletion mutants from -1417/+100 
to -46/+ 100 elicited significant but low functional activity in luciferase reporter 
gene assays with PC12W cells. Inclusion in the promoter constructs of intron 1 
and the transcribed region of the human AI 2 gene up to the translation start en- 
hanced luciferase activity up to 12-fold, whereas fusion of the promoter to the 
spliced 5' untranslated region of human AT 2 cDNA did not, which indicated an 
enhancement caused by intronic sequence elements. Mapping of intron 1 re- 
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Fig. 4 Transcription of the human AT 2 gene in reporter gene assays. AT 2 core promoter fragments and 
fragments including intron 1 and 2 were cloned in front of a luciferase reporter gene in the PGL2 basic 
vector and transfected into cells. Activity of gene transcription was significantly increased by including 
intron 1 and 2 into the transcripts. Omission of intron 1 and 2 from the constructs sign reduced lucifer- 
ase activity 



vealed that a 12-bp sequence in the center of the intron was required for the in- 
crease in promoter activity. Mutation of the 12 -bp region led to altered protein 
binding and markedly decreased luciferase activity. Cloned into a promoterless 
luciferase vector, a 123 -bp intron 1 fragment was able to direct reporter gene ex- 
pression to the same activity as occurred in conjunction with the 5- flanking re- 
gion (Fig. 4). These results indicate that sequence elements in intron 1 are nec- 
essary for efficient transcription of human AT 2 . In reporter gene assays, intron 
1 might by itself function as a promoter and initiate transcription from an alter- 
native start point (Warnecke et al. 1999b). 

7 

ATi/2 Spike Variants in the Human Heart 

Regulation of ATR may also be mediated by the effects of splice variants, which 
are described for ATi and AT 2 . Alternatively spliced human ATi mRNAs are 
translated at different efficiencies and encode two receptor isoforms (Curnow et 
al. 1995). AT 2 splice variants in the human heart were described by Wharton et 
al. (Wharton et al. 1998). He found that specific myocardial AT 2 receptor mRNA 
transcripts occurred in human hearts and exhibited alternative splicing of un- 
translated 5' exons. 

A more detailed analysis and functional characterization of alternatively 
spliced ATi and AT 2 receptor transcripts in the human heart was conducted by 
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Regitz-Zagrosek’s group (Warnecke et al. 1999a). They searched for ATi and 
AT 2 mRNA splice patterns specific to chamber localization or to cardiac func- 
tion and analyzed their effect on protein expression in transfection experiments. 
The exon composition of the ATi and AT 2 mRNA transcripts in normal and dis- 
eased human hearts was analyzed using a reverse transcription polymerase 
chain reaction followed by HPLC quantitation of the amplicons. Atrial and ven- 
tricular samples and endomyocardial biopsies from patients with normal and 
severely impaired cardiac function were compared. ATi transcripts with the 
exon composition 1/2/5 and 1/5 represented 92%-98% of all ATi mRNAs. For 
more detail, in right atria from controls Exl/2/5 was 48% of all ATi splice vari- 
ants compared to heart failure probes, where it was 41% in the right atrium, 
38% in RV and 36% in LV (Fig. 5). Right atrial Exl-5 in controls was 44% of all 
ATi mRNAs compared to heart failure probes, where it was 50% in the right 
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Fig. 5. A Splice variants of the Ab mRNA in human hearts. Ab mRNA transcripts with different exon 
composition are shown. Only transcripts 1/5, 1/2/5 and 1/2/3/5 were present in the human heart. 
B Distribution of different ATi transcripts in the human atria and ventricles in healthy and diseased 
hearts. C Protein synthesis resulting from the different transcripts of the human AT^ gene which are 
expressed in the myocardium 





Pathophysiology of Cardiac AT] and AT 2 Receptors 221 



atrium, 60% in RV and 62% in LV. Transcript 1/2/3/5 represented 8%-9% in the 
atria and 2% in ventricles in failing and nonfailing myocardium. Since exon 2 
reduces translational efficiency in vitro, the ratios of transcripts with ( 1/2/5+ 1/ 
2/3/5) and without (1/5) exon 2 were compared. These were highest in normal 
atria, second in atria from failing hearts and lowest in failing left ventricles. En- 
domyocardial biopsy specimens confirmed significant differences between con- 
trols and heart failure. Of the two identified AT 2 transcripts, mRNA 1/2/3 was 
the most abundant in the human heart (92%), without many disease-dependent 
changes. 

The various splice isoforms affected protein expression at least in reporter 
gene assays. The presence of the untranslated exons 2 and 3 of ATi inhibited 
translational activity as did exon 2 in the AT 2 constructs. Thus, alternative splic- 
ing may be a mechanism of ATR regulation in vivo. In the human heart, ATi 
splice patterns differ distinctly between atria and ventricles and to a lesser de- 
gree between controls and failing hearts. This may lead to differences in ATi 
mRNA translation into protein in the various cardiac areas and under different 
pathophysiological conditions. 

8 

Cellular Localization of ATR in the Heart 

The AT 1 receptor was in general found evenly distributed over the myocardium 
at low concentrations. Higher local concentrations of ATi were observed on ner- 
vous tissue. However, high densities of AT 2 receptor were frequently associated 
with fibrous tissue (Brink et al. 1996). The association of ATi and AT 2 with fi- 
brous tissues was studied in an animal model of heart failure using Bio 14.6 car- 
diomyopathic hamsters (Ohkubo et al. 1997). AT 2 sites were increased by 153% 
during heart failure. AT] numbers were increased by 72% in the hypertrophy 
stage and then decreased to the control level during heart failure. Autoradiogra- 
phy and immunocytochemistry revealed that both the AT 2 receptor and the ATi 
receptor were localized at higher densities in fibroblasts present in fibrous re- 
gions. Surrounding myocardium predominantly expressed ATi, but the level of 
expression was less than that in fibrous regions. Cardiac fibroblasts isolated 
from cardiomyopathic hamster hearts during heart failure expressed AT 2 . Ang 
II stimulated net collagenous protein production by 48% and pretreatment with 
an AT 2 antagonist, PD123319, evoked a further elevation (83%). Thus, AT 2 was 
re-expressed by cardiac fibroblasts present in fibrous regions in failing hearts 
and the increased AT 2 was claimed to exert an anti-ATi action on the progres- 
sion of interstitial fibrosis during cardiac remodeling (Ohkubo et al. 1997). 

A second study confirmed the association of AT 2 receptor with interstitial fi- 
brosis in the human heart (Tsutsumi et al. 1998). Tsutsumi et al. analyzed AT 2 
expression in LV samples from patients with failing hearts caused by idiopathic 
dilated cardiomyopathy (DCM). The expression of AT 2 was markedly increased 
in DCM hearts. AT 2 sites were highly localized in the interstitial region in either 
nonfailing or failing heart, whereas AT 1 was evenly distributed over the myocar- 
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dium at lower densities. AT 2 receptor expression was up-regulated in failing 
hearts, and fibroblasts present in the interstitial regions were the major cell type 
responsible for its expression. 

9 

Signal Transduction and Intracellular Effects 

ATi stimulation is mediated by the generation of phospholipid-derived second 
messengers, activation of PKC, the MAP kinase pathway and of immediate early 
genes. In addition, phosphorylation and dephosphorylation of tyrosine kinases 
have been associated with ATp and AT 2 -mediated signal transduction. Ang II 
activates the MAP kinase pathway via G protein coupling in different ways. For 
example, Ang II may activate c-Jun NH2-terminal kinase in cultured cardiac 
myocytes through an increase in intracellular Ca2+ and activation of PKC, and 
the activated c-Jun NH2 -terminal kinase may regulate gene expression by acti- 
vating AP-1 during Ang Il-induced cardiac hypertrophy (Kudoh et al. 1997). 

In addition to coupling to conventional G-protein signal transduction path- 
ways, the ATi receptor also increases the tyrosine phosphorylation of several in- 
tracellular substrates, including the STAT (signal transducers and activators of 
transcription) family of transcription factors, in rat cardiac fibroblasts and 
myocytes. Ang II stimulates the tyrosine phosphorylation and nuclear translo- 
cation of STAT 1 (STAT 91) and STAT 3 (STAT 92). Ang II induces the formation 
of a complex of STAT proteins termed SIF (sis-inducing factor), which binds the 
DNA sequence SIE (sis-inducing element), present in the promotor element of 
many genes. Thus, the lAK-STAT pathway has an important role in Ang Il-me- 
diated effects on gene transcription, cardiac and vascular cellular growth and 
development, and inflammatory responses (Dostal et al. 1997). 

Ang II has also been reported to induce the tyrosine phosphorylation of the 
gamma-isoform of phospholipase C, ppl20 and ppl25FAK. Furthermore, Ang II 
seems to modulate the activity of the soluble cytoplasmic tyrosine kinase 
pp60c-src, and this tyrosine kinase has been implicated in the phosphorylation 
of some of the above proteins (Schieffer et al. 1996). 

Ang Il-dependent induction of nuclear factor-kappaB (NF-/cB) is mainly me- 
diated through ATi. ATi and AT 2 receptors share some signaling pathways (oxy- 
gen radicals and ceramide); however, tyrosine kinases only participate in ATi/ 
NF-/cB responses (Ruiz-Ortega et al. 2000). Ang II stimulates VCAM-1 mRNA 
and protein expression via the ATi receptor in an NF-/cB-dependent way in en- 
dothelial cells. (Pueyo et al. 2000). NF-k:B regulates genes involved in cardiac 
pathophysiology and its activation could be a part of the negative effects of Ang 
II in heart failure. 
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10 

Effects on Gene Transcription 

ATi receptor stimulation also interferes with calcineurin-dependent pathways in 
rats. Treatment of Dahl salt-sensitive (DS) rats with a nonantihypertensive dose 
of the selective ATi receptor blocker candesartan or the calcineurin inhibitor 
FK506 attenuated both calcineurin activity and its mRNA expression in the 
heart, as well as the development of cardiac hypertrophy and fibrosis. Treatment 
with candesartan, but not FK506, prevented the up-regulation of ACE and TGF- 
pi gene expression. Both candesartan and FK506 prevented the load-induced 
induction of fetal-type cardiac genes. Calcineurin may therefore be a part in 
ATi receptor-mediated Ang II signaling in vivo (Nagata et al. 2002). 

Mechanical stretch activates angiotensinogen and fibronectin gene expres- 
sion mainly via ATi receptor in cardiomyocytes and VSMCs. An ATi receptor 
antagonist significantly decreased these stretch-mediated increases in angioten- 
sinogen and fibronectin mRNA levels, whereas the AT 2 receptor antagonist 
(PD 123319) did not affect the induction (Tamura et al. 2000). 

11 

AT2 

Signal transduction of AT 2 was difficult to study since few primary cells express 
the receptor in culture and on these it is rapidly down-regulated. Few data are 
available from endothelial cells. Most studies on AT 2 signaling were conducted 
in special cell lines such as PC12W, RT3, or in neuroblastoma cells or transfec- 
ted cells. The up-regulation of a zinc finger homeodomain enhancer protein was 
found in PCW12 cells and confirmed in coronary endothelial cells (Stoll et al. 
2002). In PCI2W cells, the AT 2 receptor is reported to stimulate protein tyrosine 
phosphatase activity and to mediate inhibition of particulate guanylate cyclase 
(Bottari et al. 1992). AT 2 receptors also mediate the inhibition of the MAP ki- 
nase cascade and functional activation of SHP-1 tyrosine phosphatase in NIE- 
115 neuroblastoma cells (Bedecs et al. 1997). AT 2 receptor activation leads to 
protein tyrosine dephosphorylation in N IE- 115 cells and support a possible role 
for AT 2 receptors in the negative regulation of cell proliferation (Nahmias et al. 
1995). 

Recently, an interaction between the AT 2 and the ErbB3 receptor, a member 
of the epidermal growth factor receptor family, was found in the yeast 2-hybrid 
system, which suggests new possibilities for AT 2 function (Knowle et al. 2000). 

A number of studies suggest significant cross talk between AT 2 and other 
receptors. Cross-talk between ATR and the tyrosine kinases and phosphatases 
has been reported (Inagami 1999; Inagami et al. 1999). The study by Elbaz et al. 
demonstrates negative intracellular cross-talk between AT 2 and insulin recep- 
tors. AT 2 receptor stimulation leads to inhibition of insulin-induced extracellu- 
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lar signal-regulated protein kinase (ERK) activity and cell proliferation in trans- 
fected Chinese hamster ovary cells (Elbaz et al. 2000). 

In adult rat ventricular myocytes, Fischer et al. examined the role of Ang II 
signaling, via ATi and AT 2 receptors, on the activation of the ERKs and on the 
expression of the MAP kinase phosphatase (MKP-1). Ang II increased MKP-1 
mRNA levels within 15 min via AT 2 -receptor activation. They speculated on 
constitutive as well as inducible suppression of ERKs and c-jun NH2 -terminal 
protein kinases by MKP 1 in adult cardiac myocytes (Fischer et al. 1998). These 
mechanisms do not, however, apply to cardiac endothelial cells or cardiac fibro- 
blasts (see the next section). 

To overcome the down-regulation of ATR in primary cardiac cells, we per- 
formed adenovirus-mediated overexpression and stimulation of the human AT 2 
receptor in porcine cardiac fibroblasts. Transduction of cardiac fibroblasts with 
the adenoviral AT 2 receptor expression vector led to a six- to tenfold higher AT 2 
expression than endogenous ATi receptor expression. The overexpressed AT 2 re- 
ceptor had the same apparent molecular mass as the endogenous AT 2 receptor 
in rat PC12W cells. Unexpectedly, the fibroblast proliferation rate was not sig- 
nificantly lower in AT 2 receptor expression than in antisense-transduced (TA2) 
cells upon stimulation with Ang II or Ang II plus the ATi receptor blocker irbe- 
sartan. Collagen 1 mRNA revealed no differences between AT 2 receptor-trans- 
duced fibroblasts and antisense controls when stimulated with Ang II (1 pM, 
24 h) plus Irbesartan and 10 ng/ml TGF-^1 (Fig. 6). Ang II stimulation of the 
endogenous ATi receptor increased ERK 1 and ERK 2 activities. This response 
was reduced by irbesartan, but PD123319 had no effect. The time course and 
magnitude of Ang II- stimulated ERKl and ERK2 activation was identical in AT 2 
receptor-transduced and control cells. Also, neither simultaneous nor Ang II 
prestimulation induced gene expression of the MAP kinase phosphatase 1 or 
modulated PM A- stimulated ERKl and ERK2 activation in AT 2 receptor- trans- 
duced fibroblasts. Similar results were obtained in AT 2 receptor-transduced hu- 
man umbilical vein endothelial cells, and in PC12W cells. Using a tyrosine phos- 
phatase assay, we observed an inhibition of phosphotyrosine phosphatase activ- 
ity by 30% after 5 min Ang II stimulation of AT 2 receptor-expressing porcine fi- 
broblasts. Immunoprecipitation-tyrosine phosphatase assays revealed that inhi- 
bition of phosphotyrosine phosphatase IB, which regulates insulin signaling, 
contributed to this effect. In conclusion, stimulation of the overexpressed hu- 
man AT 2 receptor in porcine cardiac fibroblasts inhibited tyrosine phosphatase 
activity but had no significant effect on fibroblast functions related to cardiac 
fibrosis. It is conceivable that possible antifibrotic AT 2 receptor effects are spe- 
cies specific and/or require the interaction between fibroblasts and cardiomy- 
ocytes, probably via paracrine factors or mechanical load (Warnecke et al. 
2001). 
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Fig. 6. A Collagen synthesis in porcine cardiac fibroblasts transduced with AT 2 receptor {pFib/AT 2 R) or 
antisense {pFib/TA2) receptor constructs. Basal and TGF/^1 and Ang II stimulated collagen I alpha2 
(C0L1A2) mRNA levels in sense AT 2 - and antisense TA2-transduced fibroblasts were determined by 
Northern blot analysis. B MAP kinase activities of AT 2 receptor overexpressing porcine fibroblasts com- 
pared to antisense controls. MAP kinase activity in fibroblasts was determined by immunoblot analysis 
using an antibody specific for the dually phosphorylated and thus activated forms of ERK 1 and ERK2. 
Identical blots were stained with a phosphorylation independent antibody against ERKl/2. C Protein 
tyrosine phosphatase {PTPase) inhibition by the overexpressed AT 2 receptor. AT 2 - and TA2-transduced 
fibroblasts were stimulated with 1 pM Ang II in the presence of an ATi antagonist and PTPase activity 
was measured 
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12 

Effects of Ang II on Isolated Cardiovascular Cells 

It has been shown by several groups that Ang II induces fibroblast proliferation 
and collagen synthesis in neonatal rat cells (Sun et al. 1997). Since Ang II has 
been linked to fibrosis in the human heart but the precise mechanisms of its ac- 
tion are still unknown, we investigated whether Ang II directly affects the colla- 
gen mRNA content in the human myocardium and in isolated human cardiac fi- 
broblasts or the growth factors TGF^-1 and osteopontin are involved as media- 
tors in this process. In a first set of experiments, the direct effect of Ang II on 
collagen I, TG¥P-l and osteopontin mRNA content in fresh samples of human 
atrial myocardium was determined after short time stimulation. After 4 h, Ang 
Il-induced increased expression of both TGFj8-l and osteopontin mRNA in the 
atrial samples, whereas the expression of collagen I mRNA was unchanged 
(Fig. 7). Stimulation with TGVP-l led to an increase in collagen I and III mRNA. 
In a second protocol, to assess the effects of longer stimulation periods, the ef- 
fects of angiotensin II and its potential mediator TGF/?-l on collagen I, III and 
fibronectin mRNA expression and on proliferation of cultured human cardiac 
fibroblasts were determined. Ang II caused a dose-dependent stimulation of 
proliferation but did not affect collagen I, II or fibronectin mRNA content after 
24 h. In contrast, TGF^-1 significantly increased collagen I and III mRNA ex- 
pression. Thus, in contrast to the neonatal rat cells, Ang II does not directly in- 
crease collagen or fibronectin mRNA in fibroblasts isolated from adult human 
hearts. However, it does increase TGF/J-1 and osteopontin mRNA expression. 
Since TGF^-1 induces collagen I and III mRNA in atrial samples and in isolated 
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Fig. 7. A TGFj8-1, osteopontin and collagen I mRNA expression in atrial samples after 4 h of Ang II 
stimulation. Significant increases were observed for TGF^-1/PDH and osteopontin/PDH (OPN) but not 
for collagen l/PDH mRNA. Mean values from ten hearts, with duplicate samples. Levels of significance 
for differences between groups are based on the ANOVA procedure. B Induction by TGF/3-1 of Col I, Col 
III and FN mRNA in cultured human cardiac fibroblasts. Regulation of Col I, III and FN mRNA expression 
by Ang II and TGF/3-1. After 24 h, Col I and III mRNA expression was significantly increased by TGFj6-1, 
whereas Ang II had no effect. The results given are the mean values from seven hearts. All stimulation 
data were related to the respective negative controls after 24 h and expressed as percentages of the 
controls. Col I, collagen I; Col III, collagen III; FN, fibronectin 
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cardiac fibroblasts, it may represent a necessary mediator of the Ang II effects 
in the human heart (Kupfahl et al. 2000). 

13 

Coronary Endothelial Cells 

Clinical data suggest a link between the activation of the renin-angiotensin-al- 
dosterone system (RAS) and cardiovascular ischemic events. This may be relat- 
ed to the interaction of ATR with the function of the endothelium. Growth regu- 
lation and differential regulation of gene expression by ATi and AT 2 was found 
in endothelial cells (Fischer et al. 2000). Leukocyte accumulation in the vessel 
wall is a hallmark of early atherosclerosis and plaque progression. E-selectin, 
vascular cell adhesion molecule- 1 (VCAM-1) and intercellular adhesion mole- 
cule-1 (ICAM-1) are adhesion molecules participating in mediating interactions 
between leukocytes and endothelial cells and have been found to be expressed 
in atherosclerotic plaques. Graefe et al. investigated whether Ang II influences 
the endothelial expression of E-selectin. In coronary endothelial cells derived 
from explanted human hearts, Ang II induced a concentration-dependent in- 
crease in E-selectin expression. In addition, Ang II induced E-selectin-depen- 
dent leukocyte adhesion under flow conditions. The ATi-receptor antagonist 
DUP 753 significantly reduced E-selectin-dependent adhesion, whereas the AT 2 - 
receptor antagonist PD 123177 had no inhibitory effect. Therefore, it is suggest- 
ed that ATi receptors up-regulate E-selectin expression and leukocyte adhesion 
on coronary endothelial cells (Grafe et al. 1997). 

14 

Cardiomyocytes 

There is not much doubt that Ang II induces hypertrophy in isolated myocytes. 
The role of AT 2 is discussed in a much more controversial and yet unsolved 
manner. Molecular characterization of the stretch-induced adaption of cultured 
cardiac cells was used as an in vitro model of load-induced cardiac hypertrophy 
and confirmed a significant role of Ang II via ATi (Sadoshima and Izumo 1993). 

Cardiac hypertrophy often occurs in response to both hemodynamic and 
neurohumoral factors. To study whether activation of the RAS by itself may in- 
duce a cardiac growth response, the acute effects of Ang II on cardiac protein 
synthesis were studied in isolated rat hearts (Inagami 1999). New protein syn- 
thesis in isolated buffer-perfused adult rat hearts was measured. Ang II stimu- 
lated protein synthesis in left and right ventricles roughly three- to fourfold, but 
failed to induce c-fos and c-jun mRNA. Thus Ang II induced protein synthesis 
but the exact pathway remained elusive (Schunkert et al. 1995). 

Booz et al. compared the ability of Ang II to induce hypertrophy of neonatal 
rat ventricular myocytes with that of endothelin-1 in isolated rat myocytes. 
They concluded that Ang Il-induced myocyte growth is tempered because of 
low ATi expression and an antigrowth effect of AT 2 . These findings, if confirmed 
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in adult hearts, have potential clinical significance in that regression of hyper- 
tension-induced cardiac hypertrophy by ATi antagonists may be in part due to 
an unopposed antigrowth effect of Ang II mediated via AT 2 (Booz and Baker 
1996). 

Based on the capacity of ATi to induce hypertrophy, Thienelt et al. tested the 
hypothesis that ATi receptor blockade will inhibit the acute induction of proto- 
oncogenes and protein synthesis by the elevation of systolic wall stress in isolat- 
ed beating adult rat hearts. However, elevation of systolic load was associated 
with a twofold increase in c-fos and c-myc mRNA levels that was not blocked by 
losartan. The rate of phenylalanine incorporation into cardiac proteins was in- 
creased 2.7-fold in hearts subjected to increased systolic load compared with 
control hearts. However, ATi receptor blockade with losartan did not prevent 
the stimulation of protein synthesis. Thus, the acute growth responses induced 
by systolic pressure overload in adult rat hearts do not depend on ATi receptor 
activation (Thienelt et al. 1997). 

In agreement with the above-mentioned results, long-term ATi receptor 
blockade did not regress LVH in rats with persistent systolic pressure overload 
due to ascending aortic stenosis. However, both ATpreceptor blockade and cal- 
cium antagonization with amlodipine improved in vivo left ventricular end-dia- 
stolic pressure together with the normalization of left ventricular ACE mRNA 
levels (Weinberg et al. 1997). 

Taken together, the data may suggest that Ang II can contribute to myocardial 
hypertrophy, but ATi activation is not a necessary factor in most animal mod- 
els. 

The role of AT 2 in LVH is even more difficult to define. Up-regulation of AT 2 
receptors has been described in hypertrophied hearts. Activation of AT 2 recep- 
tors is proposed to counteract growth effects of ATi receptor in response to 
Ang II. Thus, in hypertrophied hearts, the AT 2 receptor may mediate inhibitory 
effects on the new cardiac protein synthesis in response to acute Ang II stimula- 
tion. If adult normal and hypertrophied rat hearts were perfused with Ang II 
10"^ mol/1 plus prazosin 10"^ mol/1 or Ang II plus an AT 2 blocker, Ang II in- 
creased the rate of phenylalanine incorporation by 74±27%, whereas treatment 
with PD123319 did not increase protein synthesis compared with Ang II alone 
(32±11% vs Ang II alone, p=n.s.). In hypertrophied hearts, Ang II alone in- 
creased the rate of phenylalanine incorporation only by 23±13% and treatment 
with PD 1233 19 (n=7) induced a 76±21% increase in new LV protein synthesis 
compared with Ang II alone (p<0.05). AT 2 receptor blockade in Ang Il-stimulat- 
ed hypertrophied hearts was associated with enhanced membrane PKC translo- 
cation and reduced left ventricular cGMP content. These data support the hy- 
pothesis that in adult hypertrophied rat hearts, inhibition of cardiac AT 2 recep- 
tors, which are up-regulated in chronic LV hypertrophy, amplifies the immediate 
LV growth response to Ang II. This appears to be related to augmented Ang 
Il-stimulated PKC activation and suppression of cGMP signaling (Bartunek et 
al. 1999). 
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These data suggest that Ang II activation of the cardiac AT 2 receptor subtype 
inhibits the effects of Ang II on the immediate growth response in the adult 
heart (Lorell 1999). 

However, there are also conflicting data about the role of AT 2 in LVH in mice. 
Ichihara et al. showed that AT 2 is important for the development of LVH and 
cardiac fibrosis induced by Ang II infusion in AT 2 knock-out mice. Wild type 
but not AT 2 knock-out mice developed concentric LVH, prominent fibrosis, and 
impaired diastolic relaxation after Ang II infusion over a period of 3 weeks. 
Thus, loss of AT 2 abolished LVH and cardiac fibrosis in mice with Ang Il-in- 
duced hypertension in this model (Ichihara et al. 2001). 

Human data are more difficult to obtain. We sought to determine whether 
the cardiac RAAS is activated in human aortic valve disease depending on left 
ventricular function, and whether it is linked to a concomitant regulation of the 
extracellular matrix components. In LV biopsies from patients with aortic valve 
stenosis and aortic valve regurgitation and from control subjects, we quantitated 
mRNAs for angiotensin-converting enzyme (ACE), chymase, TG¥-p\, collagen 
I, collagen III and fibronectin by reverse-transcription PCR. 

Protein, ACE and TGF-/31 mRNA were significantly increased in patients with 
aortic stenosis and aortic regurgitation (1.5- to 2.1 -fold) and correlated with 
each other. The increase occurred also in patients with normal systolic function. 
Collagen I and III and fibronectin mRNAs were both up-regulated approximate- 
ly twofold in patients with aortic stenosis and aortic regurgitation. In aortic ste- 
nosis, collagen and fibronectin mRNA expression levels were positively correlat- 
ed with left ventricular end-diastolic pressure and inversely with left ventricular 
ejection fraction (LVEF). Thus, In human hearts, pressure and volume overload 
increases cardiac ACE and TGF-^1 in the early stages. This activation of the car- 
diac RAS may contribute to the observed increase in collagen I and III and fi- 
bronectin mRNA expression. The increase in extracellular matrix already exists 
in patients with a normal LVEF, and it increases with functional impairment 
(Fielitz et al. 2001). 

Thus, ATi receptors probably mediate the growth and fibrosis-promoting ef- 
fects of angiotensin and RAS activation in human aortic stenosis. The role of 
AT 2 could not yet be defined in a human setting. There are, however, genetic 
data that suggest that AT 2 has a role in human LVH. 

15 

Effects of ATi and AT2 Polymorphisms on LV Function 

The physiological effects of polymorphisms of ATR are still poorly understood. 
Long-term effects of genetic variants can be studied in cross-sectional linkage 
studies. We examined the short-term effects of genetic polymorphisms of the 
ATp and AT 2 -receptor subtypes in humans by means of Ang II infusion. We se- 
lected two polymorphisms with potential functional relevance, -2228 G/A in 
the ATi promotor region, and 1675 G/A in the AT 2 gene (Zhang et al. 2000; 
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Erdmann et al. 2000). The AT 2 polymorphism is located in intron 1, which has a 
regulatory function (Nickenig and Murphy 1994). 

In 120 male, white, young (26±3 years) subjects with known ATi -2228 G/A 
and AT 2 +1675 G/A genotypes, with normal or mildly elevated blood pressure, 
changes in mean arterial blood pressure, aldosterone levels, glomerular filtra- 
tion rate, and renal plasma flow were measured in response to Ang II infusion. 
Infusion of Ang II resulted in an increase in mean arterial pressure, serum aldo- 
sterone levels and glomerular filtration rate, and in a decrease in renal plasma 
flow (allp<0.001). However, at similar baseline mean arterial pressure, aldoster- 
one levels, and renal hemodynamics, the response to Ang II did not significantly 
differ across the ATp and AT 2 -receptor genotypes, with the sample size of our 
study being adequate to detect relevant differences across the genotypes with a 
power greater than 90% for all parameters. Thus, the response to Ang II infu- 
sion does not differ across the ATp and AT 2 -receptor genotypes examined in 
our study. However, long-term effects of variants of ATR genes cannot be ruled 
out with this approach (Delles et al. 2000). 

To analyze whether these gene variants are associated with the long-term ef- 
fects of Ang II on LVH, we analyzed, in the same 120 white, young male subjects 
with normal or mildly elevated blood pressure, LV structure by two-dimension- 
al guided M-mode echocardiography and determined the +1675 G/A polymor- 
phism. Hypertensive subjects with the A allele had a greater left ventricular pos- 
terior and relative wall thickness as well as left ventricular mass index than 
those with the G allele. Confounding factors, i.e., body mass index and surface 
area, plasma Ang II, sodium excretion, systolic and diastolic ambulatory blood 
pressure, were similar between the two genotypes. In normotensive subjects, 
relative wall thickness and left ventricular mass index were nearly identical 
across the two genotypes, with similar confounding variables. These data indi- 
cate that the X-chromosomal located +1675 G/A polymorphism of the AT 2 re- 
ceptor gene is associated with left ventricular structure in young male humans 
and with early structural changes of the heart due to arterial hypertension 
(Delles et al. 2000; Schmieder et al. 2001) (Fig. 8). 

Similar results were also obtained in the GLAECO and GLAEOLD study co- 
horts. In this study, we genotyped 1,968 patients from both population samples 
for the 1675 G/A AT 2 variant. In the GLAEOLD study, AT 2 1675 A allele carriers 
were more common in males with LVH than in males without LVH (60% vs 
46%; p<0.05). The effect could not, however, be confirmed in the GLAECO 
study, which may have been due to efferent criteria for LVH in both studies. The 
A allele was also more common in females with MI or episodes of coronary 
ischemia than in females without evidence of ischemia (86% vs 73%) in the 
GLAEOLD study. 

Thus, even though the precise mechanism has not been fully understood, 
there is good evidence that the AT 2 receptor modifies LV structure in humans. 
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Fig. 8. A Polymorphisms in the AT gene. The AT 2 gene has two noncoding exons 1 and 2 and one 
coding exon 3. Several polymorphisms are known. +1675 G/A is located in intron 1. Gly 21Val was 
recently claimed to be associated with mental retardation but indeed represents a rare polymorphism. 
B Echocardiographic measures of LV wall thickness in male normotensive and hypertensive carriers of 
the G and A allele. Posterior wall, septum and relative wall thickness were determined 



16 

Effects of ATR in Myocardial Ischemia 

The role of ATR in myocardial ischemia was even more under discussion than 
its role in cardiac hypertrophy. A few direct effects have been described that in- 
terfere with ischemic nonvascular events. Modulation of the expression and ac- 
tivity of the sodium-proton exchanger (NHE-1) and the sodium-bicarbonate 
symporter may interfere with ischemic myocyte damage and occurs by ATi and 
AT 2 in different manners (Sandmann et al. 2001). The regulation of calpain I 
and II and its inhibitor calpastatin may interfere with the activation of proteo- 
lytic processes as a consequence of ischemia (Sandmann et al. 2001). However, 
the positive effects of ACE inhibitors and ATR antagonists after myocardial in- 
farction are probably due to a major part to their positive effects on myocardial 
remodeling and only to a lesser degree on their effects on myocardial ischemia. 
This is supported by the experimental finding that early, but not very early 
treatment was most efficient in maintaining LV function after rat myocardial in- 
farction, and that delayed installation of treatment was also effective (Xia et al. 
2001). This is in agreement with clinical studies, but their discussion is beyond 
the scope of this chapter. 
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Abstract After myocardial infarction (MI), the heart adapts to the loss of con- 
tractile units by cardiac remodelling, a phenomenon which includes processes 
such as wound healing, ventricular dilatation and ventricular hypertrophy. The 
renin-angiotensin system (RAS) is a neurohormonal system that has been sug- 
gested to play an important role during cardiac remodelling after MI. Immedi- 
ately after MI, the expression and activity of many RAS components are elevat- 
ed, not only in the circulation, but also in the heart. Increased circulating angio- 
tensin II will lead to increased vascular resistance, which supports arterial pres- 
sure in a situation of reduced cardiac output. Locally elevated angiotensin II is 
supposed to influence the processes of fibrosis and hypertrophy, because of its 
growth-promoting capacity. RAS activation is appropriate during the early car- 
diac adaptations after MI; however, prolonged activation could eventually wors- 
en cardiac performance. High vascular resistance increases cardiac stroke work 
and augments oxygen consumption. Although new vessels emerge in the nonin- 
farcted myocardium, the capillary to myocyte-fibre ratio is decreased, as is oxy- 
gen availability. Hence, disproportionate hypertrophy decreases the capillary 
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density even further and excessive fibrosis induces cardiac stiffness. By inhibit- 
ing the RAS activity, either via ACE inhibition or ATi receptor antagonism, 
post-MI left ventricular dysfunction can be reduced, leading to a substantially 
higher rate of survival. These beneficial effects have been studied extensively 
but have, so far, not elucidated a uniform responsible mechanism. The exact 
roles of the AT 2 receptor and the bradykinin type 2 receptor are still uncertain. 
The present review discusses the proposed contributions of the RAS in the pro- 
cess of post-MI cardiac remodelling. 

Keywords Myocardial infarction • Cardiac remodelling • RAS expression • RAS 
inhibition • Mechanisms 

1 

Myocardial Infarction 

Acute myocardial infarction (MI) can develop when a part of the coronary cir- 
culation is suddenly occluded. The cardiac segment normally fed by the now oc- 
cluded artery becomes ischaemic and prolonged oxygen deprivation leads to 
cell death. Dead cardiomyocytes are the trigger of the wound healing response, 
involving proliferation, differentiation and apoptosis of many different cell 
types. This cellular activity is mainly initiated and regulated by growth factors 
and leads to replacement of the demised cells by scar tissue (Cleutjens et al. 
1999). In the early inflammatory phase, macrophages, fibroblast-like cells and 
endothelial cells invade the infarcted area. Macrophages are responsible for the 
removal of dead cells and cell debris. Fibroblast-like cells and endothelial cells 
proliferate and create new networks of collagen and small vessels (granulation 
tissue). In the following fibrogenic phase, the scar matures into a very collagen- 
rich segment from which the cells have disappeared (Struijker-Boudier et al. 
1995; Sun and Weber 2000). 

After MI, optimal cardiac performance can no longer be achieved due to the 
loss of contractile units and the altered structure. Alterations in the architec- 
ture are accompanied by changes in the forces that the heart endures (Anversa 
et al. 1991). The heart adapts to alterations in stress (pressure load) and strain 
(volume load) through ventricular dilation and hypertrophy. The increased 
ventricular volume compensates for the reduced ejection fraction (Ertl et al. 
1993). The infarct area (Pfeffer and Braunwald 1990), as well as the surviving 
myocardium enlarge. To permit cell rearrangement, the connective tissue ma- 
trix has to be disrupted and reorganised (Creemers et al. 2000). Moreover, the 
cardiomyocytes in the noninfarcted area are triggered to increase the number 
of contractile units, resulting in a hypertrophied left ventricular wall. Before 
cells start growing, the mechanical alteration must be translated into a bio- 
chemical growth signal (Mackenna et al. 2000). This biochemical signal differs 
according to the type of haemodynamic load. Although the exact signalling 
pathways are still a mystery, several hypotheses have been proposed. Via their 
seven-transmembrane receptors, angiotensin II, catecholamines and endothe- 
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Normal left ventricle (A) and infarcted left ventricle (B) 

Fig. 1A, B Schematic drawing of the heart. A In the normal individual. B After myocardial infarction 



lin can activate protein kinase C (PKC). Growth factors such as insulin-like 
growth factor (IGF) and transforming growth factor (TGF-yd) bind their tyro- 
sine kinase receptors. Both types of receptor activation lead, via the complex 
network of second messengers (e.g. MAPK, JAK/STAT), to increased DNA, 
mRNA and protein synthesis and cellular dedifferentiation (Swynghedauw 
1991; Katz 1995). Neovascularisation and fibrosis are observed in the nonin- 
farcted myocardium in reaction to hypertrophy and dilation (Gaasch 1994). 
Although new vessels develop, the capillary to myocyte fibre ratio is decreased, 
as is oxygen availability. The enhanced interstitial fibrosis of the myocardium 
causes stiffness. In time, the left ventricle becomes more hypertrophied and 
stiff, which will finally lead to a severely impaired contractile function, result- 
ing in heart failure. Thus, myocardial infarction induces a primary alteration in 
the function of the infarcted region as well as time-dependent secondary 
changes in the noninfarcted myocardium (Fig. 1). 

2 

Expression of the Renin-Angiotensin System After Ml 



2.1 

Circulating RAS Activation After Ml 

Several neurohormonal systems are activated in the early phase following MI. 
These systems help to initiate the process of wound healing and to translate the 
mechanical forces into growth responses. Together they create a compensatory 
response, which preserves cardiac performance. However, prolonged activation 
of these systems may lead the heart from the compensatory state into heart fail- 
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ure (Sigurdsson et al. 1993). One of the activated neurohormonal systems is the 
renin-angiotensin system (RAS). After MI, components of both circulating (or 
plasma) and local (or tissue) RAS are up-regulated. Within 24 h after hospitali- 
sation, plasma renin activity measured in patients with MI is 2.7-fold higher 
compared to patients without MI (Blumenfeld et al. 2000). Plasma angiotensin 
II levels are also elevated in the early days after acute MI (Michorowski and 
Ceremuzynski 1983; Sigurdsson et al. 1993). In patients with uncomplicated in- 
farction, plasma renin and angiotensin levels return to normal levels during 
the 1st week after infarction (McAlpine et al. 1988). These data are confirmed 
by experimentally induced myocardial infarction, which causes an immediate 
elevation of renin activity and angiotensin II levels in rat and dog plasma (Ertl 
et al. 1985; Lindpainter et al. 1993). During the period of compensation, the 
concentrations of RAS components seem to be normal in both humans and rats 
(Dzau et al. 1981; Ceiler et al. 1998). This reduction of RAS activation is delayed 
when infarctions are large and RAS activation is sustained if MI is complicated 
by heart failure (Dargie et al. 1987; McAlpine et al. 1988; Cleland et al. 1996). 
Activation of the RAS after MI strongly relates to the extent of left ventricular 
dysfunction (Vaughan et al. 1990). Moreover, persistent activation of the RAS 
after MI is a strong indicator for the development of heart failure in time 
(McAlpine et al. 1988; Francis et al. 1990). During heart failure, plasma renin 
and angiotensin II concentrations increase in humans (Dzau et al. 1981) and 
rats (Gaasch 1994). However, activation during heart failure was not confirmed 
in all experimental models (Hirsch et al. 1991; Kelly et al. 1997; Ceiler et al. 
1998) (Fig. 2). 




Fig. 2 Plasma RAS activation at the different stages of cardiac remodelling after myocardial infarction. 
(Data from Weber 1997) 
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2.2 

Local RAS Activation After Ml 

The RAS is expressed locally in a number of tissues including the heart (Danser 
1996). The basal expression of RAS components is elevated early after MI. In the 
rat heart, angiotensinogen mRNA expression is detectable as early as 5 days af- 
ter experimentally induced MI (Passier et al. 1996). This expression is localised 
in the noninfarcted left ventricle (Lindpainter et al. 1993). Also, renin expression 
is induced early after MI (Hirsch et al. 1999). Between 2 and 7 days after MI, 
renin mRNA is expressed in the border zone of infarcted rat hearts (Passier et 
al. 1996) and in macrophages in the infarct area (Sun et al. 2001). Angiotensin- 
converting enzyme (ACE) is found in rat macrophages invading the necrotic 
area within 3-7 days after MI. Within the same week, left ventricular ACE activ- 
ity is approximately threefold higher and especially localised in the border zone 
around the infarct area (Passier et al. 1995; Hokimoto et al. 1996). At the onset 
of scar tissue formation, ACE expression on the vascular endothelial cells is ele- 
vated and myofibroblasts become ACE- and renin-positive (Falkenhahn et al. 
1995; Sun and Weber 2000; Sun et al. 2001). 

One of the regulating factors of RAS expression and angiotensin II produc- 
tion around the infarct may be local wall stress. In vitro, mechanically stretched 
myocytes produce angiotensin II and show an autocrine hypertrophic response 
(Sadoshima et al. 1993). After ventricular dysfunction and cardiac overloading, 
the ability of myocytes to produce angiotensin II is even potentiated (Zhang et 
al. 1995). In vivo, cardiac overloading enhances ACE mRNA and protein expres- 
sion in the surviving myocardium remote from the infarct region (Hirsch et al. 
1991). Moreover, cardiac angiotensin II formation correlates strongly with the 
end-systolic stress measured in the left ventricle (Serneri et al. 2001). 

The produced angiotensin II affects the regions expressing the angiotensin II 
receptors. In the rat, ATi (mainly ATia) and AT 2 receptor populations are elevat- 
ed in the infarct region (Lefroy et al. 1996; Nio et al. 1995). Receptor density is 
increased from 3 days to 8 weeks after MI and mainly in the regions of fibro- 
blast infiltration and collagen deposition. Myofibroblasts are predominantly re- 
sponsible for the elevated infarct receptor density with a majority of ATi recep- 
tors (Sun and Weber 1996). In humans, the expression of the ATi receptor is in- 
creased after MI and this expression positively correlates with the extent of fi- 
brosis (Ohtani et al. 1997). In contrast to the induced expression of ATi receptor 
found directly after MI, the ATi receptor population on the failing human heart 
decreases (Haywood et al. 1997; Serneri et al. 2001). Cardiac fibroblasts also ex- 
press AT 2 receptors (Matsubara et al. 1994; Wharton et al. 1998). While ventric- 
ular function is impaired over time, the AT 2 receptor expression seems to re- 
main constant (Regitz-Zagrosek et al. 1998; Tsutsumi et al. 1998) or seems to in- 
crease (Ohkubo et al. 1997). 

Expression of angiotensin receptors after MI is less abundant on cardiomy- 
ocytes compared to fibroblasts (Lefroy et al. 1996). Viable rat cardiomyocytes 
elevate their angiotensin receptor population within 2-3 days after MI (Reiss et 
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Table 1 Activation of RAS after myocardial infarction 





Expression 

(mRNA) 


Time 

point 


Cell type 


Species 


Angiotensinogen 


I 


5 days 


Fibroblasts, myocytes 


Rat 


Renin 


I 


2-7 days 


Fibroblasts, myocytes (border zone), 
macrophages, myofibroblasts (infarct) 


Rat 


ACE 


I 


3-7 days 


Macrophages, fibroblasts, myocytes, 
endothelial and smooth muscle cells 


Rat, human 


AT] receptor 


I 


3 days 


Fibroblasts (infarct), myocytes (?) 


Mouse, rat, 
rabbit 


AH receptor 


T 


7 days 


Fibroblasts (infarct), myocytes (?) 


Rat, human 



Data were taken from Busche et al. 2000; Campbell et al. 1997; Falkenhahn et al. 1995; Fuji! et al. 1995; 
Flirsch et al. 1999; Hokimoto et al.,1996; Kijima et al. 1996; Lefroy et al. 1996; Lindpainter et al. 1993; 
Matsubara et al. 1994; Nio et al. 1995; Ohtani et al. 1997; Passier et al.1995, 1996; Sadoshima et al. 
1993; Sun et al. 1996a,b, 2000, 2001; Suzuki et al. 1993; Wharton et al. 1998; Zhang et al. 1995. 



al. 1993). The predominant receptor subtype expressed by myocytes is ATi 
(Zhang et al. 1995). AT 2 receptor mRNA is observed in cardiomyocytes, but its 
expression seems not to be enhanced within 24 h after MI (Busche et al. 2000). 
In contrast, mechanical stretch applied to neonatal rat myocytes in vitro result- 
ed in the up-regulation of both receptor subtypes (Sadoshima et al. 1993; Kijima 
et al. 1996). Although a lot of information is available on the angiotensin II re- 
ceptor expression after MI and during cardiac failure, there is no consensus on 
the exact expression pattern. It appears that the cardiac expression pattern of 
angiotensin II receptors after MI depends on (a) species, (b) cell type, (c) time 
point (early after MI, fibrogenic phase or heart failure) and (d) localisation 
within the heart (noninfarcted zone, border zone or infarct zone) (Gallagher et 
al. 1998a; Staufenberger et al. 2001). However, it is clear that the total angioten- 
sin binding capacity increases after MI, together with the elevated possibility to 
generate angiotensin II (Reiss et al. 1993) (Table 1). 

3 

The Role of RAS Activation After Ml 



3.1 

The Role of the Circulating RAS 

Circulating RAS activation immediately after MI is thought to be a reflex re- 
sponse to the decreasing stroke volume. It supports arterial pressure by increas- 
ing the vascular resistance and supports cardiac output by increasing cardiac 
contractility and heart rate. Although the RAS activation may be appropriate 
when the heart is normal, under the circumstances of MI, the physiological ef- 
fects may become deleterious over time: resistance, contractility and heart rate 
increase myocardial oxygen consumption in a situation of subnormal oxygen 
supply (Sigurdsson et al. 1993) 
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3.2 

The Role of the Local RAS 



After MI, all RAS components are expressed in the heart. The functional advan- 
tage of locally active RAS lies especially in the reaction rate, which is accelerated 
by a few orders of magnitude when comparing paracrine to endocrine activa- 
tion. Thus, a very efficient system is present at the site of cardiac infarction and 
might influence processes such as wound healing, cardiac hypertrophy and fi- 
brosis, which affect the cardiac structure and function. The ATi receptor is 
known to mediate most of the currently described effects of angiotensin II such 
as vasoconstriction, aldosterone secretion and vasopressin secretion. This de- 
scription of the authentic angiotensin actions only slightly lifts the veil. Angio- 
tensin II influences an enormous number of cellular processes, directly and in- 
directly. Under appropriate conditions angiotensin II can act as a mitogen. Acti- 
vation of ATi receptors induces expression of genes, including proto-oncogenes, 
many growth factors [PDGF (Cook et al. 2001), TGV-p (Weber 1997) and IGF-I 
(Delafontaine et al. 1996)] and growth factor receptors (Sadoshima and Izumo 
1993; Huckle and Earp 1994), which leads to growth of the cells that express the 
ATi receptor. Stimulation of the AT 2 receptors might lead to cellular alterations 
counteracting the AT 1 -induced effects, for instance, the induction of apoptosis 
(Horiuchi et al. 1997). Moreover, AT 2 receptor activation decreases ACE activity, 
which indirectly attenuates the ATi receptor actions (Hunley et al. 2000). More 
recently, mice over expressing the AT 2 receptor exhibited better cardiac function 
after MI (Yang Z et al. 2002). However, much remains to be elucidated on the 
exact function of the AT 2 receptor, especially after MI. 



3.2.1 

Effects of Angiotensin II on Fibroblasts 

Stimulation of neonatal and adult rat fibroblasts with angiotensin II results in 
DNA synthesis, mRNA expression and protein synthesis of fibronectin and col- 
lagen I/III, via the ATi receptor expressed on the cell-surface (Schrob et al. 1993; 
Villarreal et al. 1993). Human fibroblasts stimulated with angiotensin II respond 
with an up-regulation in laminin and fibronectin mRNA expression, but colla- 
gen mRNA expression is not up-regulated (Kawano et al. 2000). The opposite 
occurs during stimulation of the AT 2 receptor; down-regulation of fibronectin 
and collagen synthesis as well as inhibition of the mitogenic response induced 
by stimulation of the ATi receptor (Ohkubo et al. 1997; Tsutsumi et al. 1998). 
Angiotensin II influences fibroblast proliferation and the production of extracel- 
lular matrix proteins (Weber 1997). However, angiotensin II is mitogenic for rat 
fibroblasts isolated from sham-operated and the noninfarcted myocardium, 
whereas it induces hypertrophy in fibroblasts isolated from the infarct area 
(Staufenberger et al. 2001). These latter data indicate that the surrounding cells, 
like myocytes, are affecting the response of fibroblasts towards angiotensin II. 




244 W. M. Aartsen et al. 



3.2.2 

Effects of Angiotensin II on Cardiomyocytes 

Stimulation of ATi receptors on neonatal rat myocytes leads to activation of 
growth-related genes, which is followed by cell growth (Huckle and Earp 1994; 
Kim et al. 1995). This growth response is inhibited by activation of the AT 2 re- 
ceptor (Booz and Baker 1996). Not only the myocyte’s size can be affected by 
angiotensin II, but also its function. Contractility is closely related to ion cur- 
rents (Morgan 1991). Recently it has been described that cardiomyocytes isolat- 
ed from hypertrophied heart have depressed contractile reserve (Ito et al. 2000). 
Angiotensin II can alter ion currents via both the ATi and AT 2 receptors (Zhang 
et al. 1995). Contractility is supposed to be increased via stimulation of the ATi 
receptor due to an increase in cellular calcium. Furthermore, the calcium sensi- 
tivity of the myofilaments is enhanced in the presence of angiotensin II (Spinale 
et al. 1997; Meissner et al. 1998). The exact effects of changes in ion currents af- 
ter stimulation of the AT 2 receptors have not been elucidated yet. 

Thus, cardiomyocytes are equipped with an autocrine RAS, which may sup- 
port myocyte growth and contractile function. This cardiomyocyte growth re- 
sponse to angiotensin II is transformed in the presence of fibroblasts (Booz et 
al. 1999). Conditioned medium of angiotensin Il-stimulated fibroblasts contains 
trophic components for myocytes (Kim et al. 1995) and induces mRNA expres- 
sion of angiotensinogen in these myocytes (Sil and Sen 1997). After MI, when 
many fibroblasts are activated and invade the myocardium, local RAS might in- 
fluence cardiac remodelling in an autocrine and paracrine manner. 

4 

RAS Inhibition After Ml 

4.1 

Effects of RAS Inhibition After Ml 

Positive influences of ACE inhibition on the survival rate and ventricular re- 
modelling after myocardial infarction have been extensively studied in humans 
(McAlpine et al. 1987; Pfeffer et al. 1992; AIRE Study Investigators 1993) and an- 
imal models (Mulder et al. 1997; Ryoke et al. 1999). Major ACE inhibitor trials 
(e.g. SAVE and CONSENSUS II) have been reviewed (Huckell et al. 1997a, 
1997b). The main conclusions are (a) a reduction of the post-MI left ventricular 
dysfunction and heart failure and (b) a substantial mortality and morbidity 
benefit to post-MI patients. Animal studies on this subject have been very help- 
ful to elucidate the mechanisms underlying the beneficial effects of ACE inhibi- 
tion after MI. Prolonged captopril treatment of rats with MI demonstrated that 
increased survival rate associated with by smaller infarcts and smaller end-dia- 
stolic volumes (Pfeffer et al. 1987). Cardiac enlargement and fibrosis subsequent 
to myocardial infarction can be reduced by ACE inhibition both in rats and pa- 
tients (Pfeffer et al. 1982; Krimpen van et al. 1991). ATi receptor blockade after 
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MI prevented or attenuated cardiac loading, left ventricular expansion and hy- 
pertrophy (Capasso et al. 1994; van Kats et al. 2000). Moreover, fibrosis of the 
noninfarcted myocardium was reduced and capillary density slightly increased 
compared to nontreated groups (Smits et al. 1992; Holtz 1998). A study in single 
ATia knockout mice showed that after MI, wild-type animals exhibited more LV 
enlargement, fibrosis, ventricular dysfunction and mortality (Harada et al. 
1999). 



4.2 

Mechanisms Involved in the Response to RAS Inhibition After Ml 

Although the mechanisms activated during ACE inhibition and ATi receptor 
blockade are distinct, the effects of ACE inhibitors and ATi receptor antagonist 
are highly comparable. Yet no consensus has been reached on the exact mecha- 
nisms involved in their beneficial effects. It is still questioned whether the re- 
duced ATi activation or the bradykinin receptor type 2 activation (BK 2 receptor) 
is crucial for the beneficial effects of ACE inhibition (Martorana et al. 1990). It 
is not exactly clear what the role of AT 2 receptor activation might be during ATi 
receptor antagonism. This receptor might be involved in both structural and 
functional remodelling early after MI. There is a balance between two receptors 
in normal hearts; however, this balance is shifted towards the AT 2 receptor after 
MI. Stimulation of the AT 2 receptor leads to coronary vasodilation (Schuijt et al. 
2001) and AT 2 receptor overexpression after MI improves the systolic function 
of the infarcted left ventricle (Yang, et al. 2002). The opposite is found with AT 2 
receptor antagonism, that is a reduced DNA synthesis, endothelial cell prolifera- 
tion and stroke volume in infarcted rat hearts at 14 days after MI (Smits et al. 
1995 Kuizinga et al. 1998). 

Remarkable observations have been made in the comparison between ACE 
inhibition and AT 1 receptor blockade. It is surprising that cardiac ACE activity 
is not only impaired during ACE inhibition, but also during ATi receptor block- 
ade. Antagonism of the BK 2 receptor attenuated positive effects on hypertrophy 
of both ACE inhibition and ATi receptor blockade (Liu et al. 1997; Tsutsumi et 
al. 1999). Similar results were found in BK 2 receptor-deficient mice (Yang et al. 
2001). ACE inhibitors and ATj antagonists have also been combined, which 
yielded synergistic effects. Results show less inflammatory cellular infiltration 
and less collagen deposition after MI in rats treated with both fosinopril and 
valsartan (Yu et al. 2001). 

Reduction of cardiac loading might be one explanation for the prevention of 
ventricular enlargement and fibrosis during both ACE inhibition and ATi recep- 
tor antagonism. This would suggest that any type of effective antihypertensive 
treatment should result in a regression of hypertrophy that is proportional to 
the degree of blood pressure reduction. However, this correlation is not sup- 
ported by experimental evidence. Classic vasodilators are very effective in re- 
ducing blood pressure but the reduction of cardiac hypertrophy is not in all cas- 
es related to the reduction in pressure (Raya et al. 1989; Smits et al. 1991). Bene- 
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ficial effects on cardiac contractility are even found with low-dose ACE inhibi- 
tion without reduction of blood pressure (Zhu et al. 1997), suggesting a direct 
positive effect of ACE inhibition on the cardiac function. Several explanations 
for these actions have been hypothesised (Unger and Golhke 1990). 

1. Cardiomyocytes isolated from hypertrophied heart have depressed contrac- 
tile reserve (Ito et al. 2000). Myocardial infarction has a negative effect on 
the contractility of rat trabeculae due to a disturbed calcium-handling. ATi 
receptor antagonism improves the calcium homeostasis, which might lead 
to a better contractile function (Daniels et al. 2001). 

2. The coronary flow is enhanced during ACE inhibition, most likely by re- 
duction of coronary resistance (Gilst van et al. 1988; Nikolaidis et al. 2002). 
This enhanced coronary flow was also seen in the absence of changes in the 
systemic vascular resistance or plasma renin activity (Grinstead and Young 
1991). These data point in the direction of the cardiac RAS and its involve- 
ment in cardiac remodelling after MI. Inhibition of the cardiac RAS might 
not only improve coronary flow, but also reduce cardiac hypertrophy and 
fibrosis, all in favour of the cardiac function. 

3. Another hypothesis is the potentiation of local bradykinin action (Duncan 
et al. 1997). Kinins have both short-term and long-term cardioprotective ef- 
fects after MI. Short-term protection is due to reduction of the ischaemia- 
reperfusion injury and increase of coronary flow (Yoshida et al. 2000). 
Long-term effects involve reductions in ventricular hypertrophy (Wollert et 
al. 1997), fibrosis (Gallagher et al. 1998b) and progression to heart failure 
(Kokkonen et al. 2000). During ACE inhibition the bradykinin degeneration 
is reduced, which might be beneficial to the cardiac function. 

4. Angiotensin II is known to facilitate noradrenaline release from the sympa- 
thetic nerve-endings (Brasch et al. 1993). Inhibition of angiotensin II pro- 
duction decreases the noradrenaline overflow (Wenting et al. 1983). Al- 
though sympathetic activation directly after MI is part of the adaptive reflex 
(Graham et al. 2002), prolonged activation might harm the myocardium 
and ACE inhibitors might be beneficial through indirect inhibition of the 
sympathetic activity (Persson et al. 2002). However, inhibition of the sym- 
pathetic activity is not the only mechanism involved because ^-adrenore- 
ceptor blockade is effective in reducing the cardiac loading, but does not 
prevent cardiac hypertrophy as much as ACE inhibition. Moreover, syner- 
getic effects have been demonstrated during combined therapy with rami- 
pril and metoprolol (Theres et al. 2000). Still more information is needed 
on the pathophysiological role of RAS after MI to understand the therapeu- 
tic potential of interference with this system. 
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Abstract Angiotensin II produced locally and within the systemic circulation 
participates in the regulation of renal development, renal hemodynamics and re- 
nal epithelial transport. Proper renal morphogenesis critically depends on an- 
giotensin type I receptor-mediated actions of angiotensin II. Angiotensin II 
causes mainly vasoconstriction of the renal vasculature. Under certain condi- 
tions, angiotensin II may also have vasodilatory actions in the renal circulation. 
Vascular actions of angiotensin II involve differential signal transduction mech- 
anisms depending on the renal vessel segment. Numerous transport processes 
involved in water, electrolyte and acid base homeostasis are influenced by an- 
giotensin II along the entire nephron. Increased renal angiotensin II levels con- 
tribute to pathological conditions such as renal inflammation and arterial hy- 
pertension. 

Keywords Angiotensin II • Kidney • Hemodynamics • Epithelial transport • 
Sodium chloride • Arterial pressure • Inflammation • Oxygen radicals 

1 

Introduction 

Angiotensin II is involved in the regulation of renal development and function. 
Via its actions on the kidney, it contributes to the maintenance of fluid and elec- 
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trolyte homeostasis as well as long-term arterial pressure control (Guyton 
1991). Juxtaglomerular cells within the kidney release renin into the circulation 
to generate angiotensin I from plasma angiotensinogen. In addition, the kidney 
possesses all components of the renin-angiotensin system and is able to gener- 
ate angiotensin II locally (Braam et al. 1993; Rohrwasser et al. 1999). 

Angiotensinogen is expressed in the proximal tubule (Braam et al. 1993; 
Rohrwasser et al. 1999) and in glomerular podocytes (Mentzel et al. 1997). Be- 
sides occurring in juxtaglomerular cells, renin synthesis and secretion has been 
demonstrated in principal cells of the connecting tubules (Rohrwasser et al. 
1999). Angiotensin I-converting enzyme (ACE) is present in the renal cortex as 
well as in the outer and inner stripe of the outer medulla (Correa et al. 1995). 
Both angiotensin receptor types (ATi and AT 2 ) are present in the kidney. ATi re- 
ceptors can be demonstrated immunohisto chemically throughout the kidney 
(Harrison-Bernard et al. 1997; Miyata et al. 1999). Immunohistochemically de- 
tected sites of ATi receptor protein expression include the renal vasculature, 
glomerular mesangial cells, the proximal and distal tubule as well as the collect- 
ing duct (Harrison-Bernard et al. 1997; Miyata et al. 1999). Mice and rats have 
two All receptor subtypes (ATia and ATib), whereas most other mammals in- 
cluding humans have only a single type of ATi receptor. On the mRNA level, 
both ATi receptor isoforms (ATia and ATib) have been demonstrated to be pres- 
ent along the entire rat nephron and in the renal vasculature (Bouby et al. 1997; 
Miyata et al. 1999). ATia receptor mRNA has been reported to be more abun- 
dant than ATib receptor mRNA along the entire rat nephron, except for the glo- 
merulus where more ATib than ATia receptor mRNA has been found (Bouby et 
al. 1997). Although less abundant than the ATi receptor, AT 2 receptor protein 
and mRNA are also expressed in the adult kidney, including glomeruli, epithelial 
cells and vasculature (Miyata et al. 1999; Ozono et al. 1997). 

Based on physiological experiments and quantitative analyses of factors in- 
volved in long-term arterial pressure regulation, strong evidence has been pro- 
vided that the kidney contributes importantly to the pathogenesis and mainte- 
nance of arterial hypertension (Harrison-Bernard et al. 1997). Cross-transplan- 
tation studies in several experimental forms of genetic hypertension demonstra- 
ted that arterial pressure can be normalized with a kidney graft from histocom- 
patible normotensive donors (Grisk and Rettig 2001). The importance of angio- 
tensin II for the pathogenesis of hypertension is illustrated by the fact that brief 
ACE inhibition in young spontaneously hypertensive rats (SHR) produces a 
long-term arterial pressure reduction (Harrap et al. 1990) and that kidney spe- 
cific overexpression of components of the renin-angiotensin system in transgen- 
ic mice is associated with hypertension (Sigmund 2001). 

The present chapter summarizes recent data on the role of angiotensin II in 
renal development and function as well as its role in the pathophysiology of ex- 
perimental hypertension. 
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2 

Development 

Angiotensin II receptor types show a characteristic renal expression pattern 
during ontogeny and mediate distinct effects of angiotensin II on renal develop- 
ment and growth. In fetal rat kidneys at gestational day 14, AT 2 receptor mRNA 
is more abundant than ATi receptor mRNA (Norwood et al. 1997). AT 2 recep- 
tors are mainly found in metanephric mesenchyme and in developing epithelia 
such as primitive tubules and S-shaped bodies (Norwood et al. 1997; Ozono et 
al. 1997). Conversely, ATi receptors as well as angiotensinogen are not found in 
metanephric mesenchyme and pretubular aggregates but are abundant in the 
ureteric bud and more mature regions of the developing kidney (Norwood et al. 
1997; Prieto et al. 2001). During late gestation, renal AT 2 receptor expression de- 
clines and ATi receptor expression increases, with ATi receptors being far more 
abundant than AT 2 receptors in mature kidneys (Norwood et al. 1997; Robillard 
et al. 1995; Shanmugam et al. 1995). 

Evidence for a role of angiotensin II in renal development comes from data 
obtained in knockout mice (Esther et al. 1996; Niimura et al. 1995; Nishimura et 
al. 1999; Tsuchida et al. 1998) and from experiments with pharmacological 
blockade of the renin-angiotensin system in neonatal rats. Mice lacking either 
angiotensinogen (Niimura et al. 1995), angiotensin I-converting enzyme (Esther 
et al. 1996) or both ATi receptor subtypes (ATia and ATib) (Tsuchida et al. 
1998) show similar abnormal phenotypes, including arterial hypotension, 
growth retardation and abnormal renal architecture. The kidneys of these mice 
display widening of the calyx and atrophy of the papilla as well as the medulla, 
resulting in morphological changes similar to hydronephrosis with urinary tract 
obstruction. Interestingly, there is hypertrophy of the renal vasculature. Func- 
tional defects include a reduced urine concentrating ability. These severe chang- 
es in renal morphology and function are not seen in mice lacking only one AT 1 
receptor subtype (ATia or ATib) (Cervenka et al. 1999a; Chen et al. 1997). In 
knockout mice lacking the AT 2 receptor, renal development is largely normal, 
although some animals show kidney and urinary tract anomalies that resemble 
congenital malformation syndromes sometimes found in humans (Nishimura et 
al. 1999). When angiotensinogen knockout mice were crossed with transgenic 
animals expressing the rat angiotensinogen gene in brain and liver but not in 
the kidney, the resulting progeny had no renal malformations (Kang et al. 2002). 
These findings indicate that the presence and actions of angiotensin II, but not 
the local production of the peptide within the kidney are required for normal 
renal development. 

In rodents, nephrogenesis continues during the first 2 postnatal weeks. Thus, 
newborn rats are suitable animal models for investigating renal developmental 
phenomena. Rats treated with an ACE inhibitor or an ATi receptor antagonist 
during the neonatal period show a dilated renal pelvis, an atrophied renal papil- 
la, tubular distensions, thickening of intrarenal arteries, and disturbed arrange- 
ment of peritubular capillaries and vasa recta (Guron et al. 2000; McCausland et 
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al. 1997; Tufro-McReddie et al. 1995). These morphological abnormalities are re- 
markably similar to those seen in mice with targeted inactivation of the genes 
for angiotensinogen, ACE, and both ATi receptor isoforms, respectively (Esther 
et al. 1996; Niimura et al. 1995; Nishimura et al. 1999; Tsuchida et al. 1998). 
Glomerular morphology has been found not to be seriously affected by these 
treatment regimens by some authors (Guron et al. 1997; McCausland et al. 
1997), while others found decreased glomerular number and increased glomer- 
ular volume in rats treated with losartan during the first 12 postnatal days 
(Woods and Rasch 1998). Neonatal AT 2 receptor blockade has no detrimental 
effects on rat renal morphology (McCausland et al. 1997; Tufro-McReddie et al. 
1995). On the functional level, neonatal ACE inhibitor treatment in rats causes 
reduced renal concentration ability and reductions in renal blood flow and 
glomerular filtration rate (Guron et al. 1998). 

The mechanisms leading to permanent renal defects in response to targeted 
inactivation of renin-angiotensin system genes or pharmacological blockade of 
the renin-angiotensin system in rodents are largely unknown. They may involve 
a lack of AT 2 receptor-mediated apoptosis of undifferentiated mesenchymal cells 
during renal development (Marie et al. 1998; Nishimura et al. 1999). The ab- 
sence of the growth- and proliferation-stimulating effects of angiotensin II on 
renal vascular smooth muscle cells and epithelial cells, which are mediated 
mainly via ATi receptors, may also be of importance (Aizawa et al. 2001; Guron 
and Friberg 2000; Wang et al. 1997). In addition, interactions between angioten- 
sin II and other growth factors involved in nephrogenesis are currently dis- 
cussed (Guron and Friberg 2000). 

Factors involved in renal development have been implicated in the pathogen- 
esis of arterial hypertension. Thus, angiotensinogen and ACE knockout mice 
are hypotensive (Esther et al. 1996; Tanimoto et al. 1994),whereas arterial pres- 
sure is elevated and more sensitive to DOCA-salt treatment in AT 2 receptor 
knockout mice compared to wild type mice (Gross et al. 2000). Serious renal le- 
sions induced by neonatal ACE inhibitor treatment in rats are not accompanied 
by arterial pressure elevations (Guron and Friberg 2000). On the other hand, el- 
evations in arterial pressure have been found in adult Sprague-Dawley rats 
(Woods and Rasch 1998) after neonatal losartan treatment. 

Experimental paradigms to influence fetal programming of organ develop- 
ment revealed that prenatal disturbances in renal development may con- 
tribute to the development of arterial hypertension (Langley- Evans et al. 1999; 
Vehaskari et al. 2001; Woods et al. 2001). Both moderate global dietary restric- 
tion and dietary protein restriction in pregnant normotensive rats induce per- 
manent arterial pressure elevations in the offspring (Langley- Evans et al. 1999; 
Ozaki et al. 2001; Vehaskari et al. 2001; Woods et al. 2001). Maternal protein re- 
striction causes a decrease in glomerular number (Langley- Evans et al. 1999; Ve- 
haskari et al. 2001; Woods et al. 2001) but no major change in glomerular filtra- 
tion rate (Langley-Evans et al. 1999; Woods et al. 2001). Tissue renin mRNA ex- 
pression, tissue renin concentrations and tissue angiotensin II levels are reduced 
in kidneys of neonatal offspring from mothers exposed to dietary protein re- 
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striction during pregnancy (Woods et al. 2001). Plasma renin activity is lower 
in young offspring from protein-restricted mothers while plasma aldosterone 
concentration is higher than in control animals (Vehaskari et al. 2001). 

Neonatal and young SHR show characteristic alterations of the intrarenal 
components of the renin-angiotensin system. Thus, in 1 -week-old SHR, angio- 
tensin II receptor binding is elevated compared to normotensive Wistar-Kyoto 
rats (WKY) in all kidney regions, while radioligand binding to ACE is dimin- 
ished (Correa et al. 1995). In 4- and 6-week-old SHR, basal and isoproterenol- 
stimulated renin release have been reported to be increased compared to nor- 
motensive WKY rats, while the ability of angiotensin II to inhibit renin release 
is compromised (Henrich and Levi 1991). Furthermore, angiotensin II receptor 
binding in renal brush border preparations and proximal tubular ATi receptor 
mRNA expression is increased in 4-week-old SHR compared to age-matched 
WKY (Cheng et al. 1998; Henrich and Levi 1991). Most of these strain differ- 
ences disappear as the rats mature and hypertension develops in SHR (Cheng et 
al. 1998; Correa et al. 1995; Henrich and Levi 1991). 

3 

Hemodynamics 

Under resting conditions, the kidneys receive approximately 20% of cardiac out- 
put. In order to maintain normal renal excretory function, renal blood flow 
(RBF) and glomerular filtration rate (GFR) must be kept within relatively close 
boundaries. This is achieved by a combination of interacting regulatory and au- 
toregulatory mechanisms, including vascular contraction in response to in- 
creased intraarterial pressure (myogenic response) and the tubuloglomerular 
feedback (TGF) mechanism. 

Angiotensin II has been demonstrated to contribute to the autoregulation of 
RBF and GFR (Sorenson et al. 2000; Wang et al. 1997). Thus, it has been shown 
that acute ATi receptor blockade reduces the ability of the kidney to autoregu- 
late GFR in response to stepwise reductions in renal perfusion pressure in anes- 
thetized rats (Wang et al. 1997). Similarly, acute ACE inhibition with captopril 
reduced the ability of the kidney to autoregulate RBF in response to stepwise re- 
ductions in renal perfusion pressure (Sorenson et al. 2000). When plasma angio- 
tensin II concentration was maintained at a constant high level by simultaneous 
infusions of captopril and angiotensin II, the lower limit of RBF autoregulation 
was shifted to lower renal perfusion pressures, i.e., RBF autoregulation was im- 
proved (Sorenson et al. 2000). 

The main renal hemodynamic effects of angiotensin II are to raise renal vas- 
cular resistance and to lower renal blood flow by its action on vascular smooth 
muscle ATi receptors (Arendshorst et al. 1999; Toke et al. 1995). Angiotensin II 
also causes AT 2 receptor-mediated endothelium-dependent vasodilatation in the 
renal preglomerular vasculature, which involves cytochrome P-450 metabolites 
of arachidonic acid (Arima et al. 1997). In vivo studies performed in rats dem- 
onstrated that the vasoconstrictor action of angiotensin II is mainly confined to 
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the cortical circulation resulting in a decrease in cortical blood flow (Badzynska 
et al. 2002; Gross et al. 1998; Walker et al. 1999). In contrast, endogenous angio- 
tensin II has only minor effects on renal medullary blood flow, which accounts 
for approximately 5% of total RBF (Gross et al. 1998). Intravenous infusions of 
angiotensin II result in increases in renal medullary blood flow, which are inhib- 
ited by ATi receptor blockade and depend on nitric oxide formation (Badzynska 
et al. 2002; Walker et al. 1999). Others have shown a biphasic response of medul- 
lary blood flow to intravenous angiotensin II consisting of a transient constric- 
tion followed by sustained dilatation (Sarkis et al. 2003). Both dilatation and 
constriction are inhibited by ATi but not AT 2 receptor blockade (Sarkis et al. 
2003). 

Renal cortical vascular resistance is regulated mainly by preglomerular resis- 
tance vessels. Glomerular capillary pressure is set by renal arterial pressure and 
the lumen diameter of preglomerular resistance vessels as well as efferent arteri- 
oles. Angiotensin II has been shown to constrict both renal vascular segments 
with similar potency (Arendshorst et al. 1999; Helou and Marchetti 1997). How- 
ever, the signal transduction mechanisms in response to angiotensin II appear 
to be different in afferent and efferent arterioles (Fig. 1). Whereas resting mem- 
brane potentials are similar in both vessel types (around -40 mV) angiotensin 
Il-induced vasoconstriction is associated with significant membrane depolariza- 
tion only in afferent but not in efferent arterioles (Loutzenhiser et al. 1997). Fur- 
thermore, angiotensin Il-induced increases in cytosolic free Ca^'*' concentrations 
are greater in afferent than in efferent arterioles (Helou and Marchetti 1997). 
This difference is particularly pronounced in the outer renal cortex (Helou and 
Marchetti 1997). In afferent arterioles, the angiotensin Il-induced increase in in- 
tracellular Ca^"^ concentration is mainly due to the activation of voltage-operated 
Ca^'^ channels (Helou and Marchetti 1997; Iversen and Arendshorst 1998; 
Loutzenhiser and Loutzenhiser 2000). The L-type Ca^"^ channel blocker nifedi- 
pine blocks the angiotensin Il-induced Ca^"^ influx in afferent but not in efferent 
arterioles (Loutzenhiser and Loutzenhiser 2000; Takenaka et al. 1997). It has 
been suggested that the angiotensin Il-induced constriction of efferent arterioles 
may be mainly due to Ca^"^ release from intracellular stores (Imig et al. 2000). 
This hypothesis is supported by the finding that depletion of intracellular Ca^'^ 
stores by pharmacological blockade of the sarcoplasmatic reticulum Ca^"^ 
ATPase reduces the angiotensin Il-induced vasoconstriction in these vessels 
(Imig et al. 2000). By releasing Ca^"^ from intracellular stores in efferent arteri- 



► 

Fig. 1 Major steps involved in ATi receptor-mediated vascular smooth muscle contraction in afferent 
and efferent arterioles. In afferent arterioles, angiotensin II induces generation of inositol trisphosphate 
(IP3) via G protein-mediated activation of phospholipase C {PLQ. IP3 Induces Ca^'^ release from the sar- 
coplasmic reticulum {SR) via its action on IP3 receptors (IP3R). Extracellular Ca^^ enters the afferent arte- 
riolar smooth muscle cell via receptor-operated (ROQ and voltage-operated calcium channels (VOQ, 
Activation of an outward CL current is involved in membrane depolarization after angiotensin II bind- 
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ing to its ATi receptor. Approximately 90% of the influx from the extracellular compartment can 
be inhibited by the L-type Ca^^ channel blocker nifedipine. In addition, activation of protein kinase 
C (PKQ by diacylglycerol (DAG), tyrosine kinase activity (TK) and phospholipase A 2 are involved in the 
activation of the contractile apparatus in the afferent arteriole. In efferent arteriolar smooth muscle 
cells, angiotensin II does not consistently cause depolarization. PLC is activated via Gi proteins causing 
Ca^^ release from the sarcoplasmic reticulum. Depletion of intracellular Ca^^ stores activates store-oper- 
ated Ca^"^ channels (500 within the cell membrane, causing Ca^^ influx from the extracellular space. 
This Ca^^ influx is not sensitive to nifedipine. Activation of PKC and TK are part of the signal transduc- 
tion pathway causing activation of the contractile apparatus 
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oles, angiotensin II may also activate nifedipine-insensitive store-operated Ca^"^ 
influx from the extracellular space (Loutzenhiser and Loutzenhiser 2000). 

Activation of phospholipase C (PLC) is centrally involved in the angiotensin 
Il-induced signal transduction pathways of both afferent and efferent arterioles 
(Arendshorst et al. 1999; Takenaka et al. 1997). In afferent arterioles, PLC mainly 
acts through the production of inositol trisphosphate (IP 3 ). The increased IP 3 
facilitates Ca^'^ release from intracellular stores, activates chloride channels and 
opens voltage-dependent Ca^^ channels (Nagahama et al. 2000). PLC-mediated 
production of diacylglycerol (DAG) and subsequent activation of protein kinase 
C (PKC) appears to be less important in preglomerular vessels. In contrast, PKC 
plays an obligatory role in angiotensin Il-induced constriction of efferent arteri- 
oles where it activates Ca^'^ channels in the cell membrane and modulates IP 3 - 
induced Ca^"^ release from intracellular stores (Nagahama et al. 2000). 

In addition to the mechanisms mentioned above, recent evidence suggests 
that angiotensin II may affect several other intracellular signaling pathways in 
afferent and efferent arterioles (Andresen et al. 2001; Carmines et al. 2001; Croft 
et al. 2000; Imig and Deichmann 1997; Inoue et al. 1999). Thus it has been 
shown that tyrosine kinase-mediated phosphorylation contributes to the angio- 
tensin Il-induced constriction of both afferent and efferent arterioles (Carmines 
et al. 2001). Furthermore, it has been demonstrated that angiotensin II activates 
phospholipase A 2 and that inhibition of phospholipase A 2 blunts angiotensin 
Il-induced vasoconstriction in afferent arterioles, thus linking the renovascular 
actions of the peptide to the metabolism of arachidonic acid (Imig and 
Deichmann 1997). Arachidonic acid metabolites generated by the lipoxygenase 
pathway augment and metabolites generated by the epoxygenase pathway atten- 
uate preglomerular vasoconstriction in response to angiotensin II (Imig and 
Deichmann 1997). Studies in freshly isolated preglomerular rat vascular smooth 
muscle cells (VSMCs) show that angiotensin II via AT 2 receptors leads to in- 
creased production of the cytochrome P-450-derived arachidonic acid metabo- 
lite 20-hydroxyeicosatetraenoic acid (20-HETE), which acts as a vasoconstrictor 
(Croft et al. 2000). Experiments in cultured preglomerular VSMCs demonstrate 
that angiotensin II via ATi receptors enhances /^-adrenoreceptor-induced cAMP 
formation (Inoue et al. 1999) and the activity of phospholipase D (Andresen et 
al. 2001), which may link angiotensin II signaling to adrenergic mechanisms 
and mitogen -activated protein kinases. 

Renal medullary blood flow is autoregulated to a lesser degree than cortical 
blood flow (Cowley 1997; Mattson 2003). The poor autoregulation of renal med- 
ullary blood flow has been implicated in long-term arterial pressure regulation 
as well as pressure natriuresis and diuresis (Cowley 1997). Although in vivo 
studies performed in rats and mice do not provide evidence for a major role of 
angiotensin II as a medullary vasoconstrictor (Badzynska et al. 2002; Gross et 
al. 1998; Qi et al. 2002; Walker et al. 1999), in vitro experiments have shown that 
angiotensin II induces vasoconstriction in outer medullary descending vasa rec- 
ta (Pallone 1994). This constriction is associated with depolarization of peri- 
cytes and involves a depolarizing Cl" current, which opens voltage-dependent 
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channels (Zhang et al. 2001). The differential effects of angiotensin II on 
renal medullary vasculature in vitro and in vivo may be explained by modula- 
tion through paracrine factors released from surrounding epithelia upon angio- 
tensin II administration in vivo. Among these factors are nitric oxide and 
metabolites of cyclooxygenase-2 (Pallone et al. 2003; Qi et al. 2002). 

GFR depends on glomerular capillary pressure and the ultrafiltration coeffi- 
cient (Kf). The latter depends on the filtration surface area and the hydraulic 
conductivity of the filtration barrier, both of which are affected by glomerular 
mesangial cells and epithelial cells (podocytes) (Douglas and Hopfer 1994; 
Pavenstadt 2000; Stockand and Sansom 1998). Glomerular mesangial cells sur- 
round capillary loops of the glomerulus (Stockand and Sansom 1998). They are 
able to contract in response to angiotensin II via an AT] receptor-dependent 
mechanism which involves an increase in cytosolic Ca^'^ activity (Douglas and 
Hopfer 1994; Schlatter et al. 1995; Stockand and Sansom 1998). Angiotensin 
Il-induced contraction of mesangial cells may influence the pressure gradient 
between afferent and efferent arterioles and reduces Kf (Douglas and Hopfer 
1994; Stockand and Sansom 1998). Glomerular epithelial cells have been impli- 
cated in changes of glomerular filtration barrier function (Pavenstadt 2000). 
Both types of angiotensin II receptors (ATi and AT 2 ) have been identified in 
these cells (Sharma et al. 1998). Angiotensin II elicits a depolarization, which 
can be antagonized by ATi receptor blockade (Gloy et al. 1997). Furthermore, 
angiotensin II causes intracellular accumulation of cAMP, which can be prevent- 
ed only by simultaneous blockade of AT] and AT 2 receptors (Sharma et al. 
1998), suggesting that glomerular epithelial cells respond to angiotensin II in a 
manner distinct from that of mesangial cells or proximal tubular epithelial cells. 

TGF couples afferent arteriolar tone and single nephron GFR to tubular reab- 
sorption. When the amount of electrolytes that pass the macula densa increases, 
the afferent arteriole of the same nephron constricts and the single-nephron 
GFR is reduced. While the mechanisms underlying the TGF response are cur- 
rently not completely understood, adenosine appears to play a major role as a 
mediator (Thomson et al. 2000). Various lines of evidence suggest that angioten- 
sin II can substantially modify TGF. Thus, ATja receptor knockout mice do not 
show a TGF response and the response is reduced in heterozygous ATia"^^” mice 
compared to homozygous ATia^^"^ controls (Schnermann et al. 1997). Similar 
data have been observed with ACE“''~ knockout mice (Schnermann 1999). Phar- 
macological interventions with the renin-angiotensin system in rats yielded 
controversial results. Thus, acute ACE inhibitor treatment as well as acute and 
chronic ATi receptor blockade blunted the maximum TGE response in Sprague- 
Dawley rats. In contrast, the maximum TGE response was not affected by either 
acute ATi receptor blockade in WKY (Brannstrom et al. 1996) or chronic ACE 
inhibitor treatment in Sprague-Dawley rats (Turkstra et al. 2000). Thus, the ex- 
act role of angiotensin II in the regulation of the TGE response remains to be 
elucidated. 

Angiotensin Il-induced changes in renal hemodynamics and abnormalities 
in renal vascular reactions to angiotensin II play a major role in the develop- 
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ment of several forms of arterial hypertension. Both systemic and intrarenal in- 
fusions of angiotensin II without spillover into the systemic circulation cause ar- 
terial hypertension in rats (Stevenson et al. 2000; Wang et al. 2000). Rats made 
hypertensive by systemic angiotensin II infusion show a decreased ability to au- 
toregulate GFR and a slight impairment in autoregulating RBF (Wang et al. 
2000). The slope of the pressure-natriuresis relationship is greatly reduced, 
while the autoregulation of medullary blood flow seems not to be impaired in 
this form of hypertension (Wang et al. 2000). Intrarenal infusion of angiotensin 
II is associated with a shift of the renal pressure-flow relationship to elevated 
perfusion pressures, suggesting a reduction of preglomerular lumen diameter 
(Stevenson et al. 2000). In two-kidney, one-clip renovascular hypertensive rats, 
RBF and GFR are reduced in the nonclipped kidney (Wang et al. 1997). The au- 
toregulation of RBF is well preserved, whereas the ability to autoregulate GFR is 
reduced in these kidneys (Wang et al. 1997). ATi receptor blockade does not af- 
fect the ability to autoregulate RBF but it completely abolishes the ability to au- 
toregulate GFR in the nonclipped kidney of two-kidney, one-clip hypertensive 
rats (Wang et al. 1997). 

Renal vascular responsiveness to angiotensin II is increased in several forms 
of experimental hypertension, including SHR (Akishita et al. 1999; Haddad and 
Garcia 1996; Vyas et al. 2000), Lyon hypertensive rats (Sarkis et al. 2003), reno- 
vascular hypertensive rats (Cruz and Escalante 1999), and ren-2 transgenic rats 
(Jacinto et al. 1999). In contrast to the angiotensin Il-induced responses, renal 
vascular responsiveness to norepinephrine is normal in SHR and in ren-2 trans- 
genic rats (Haddad and Garcia 1996; Jacinto et al. 1999), suggesting that the en- 
hanced responsiveness of the renal vasculature to angiotensin II in these models 
is not due to unspecific hypertension-induced vascular remodeling. 

Several recent studies (Dukacz et al. 1999; Dukacz and Kline 1999; Endo et al. 
1998; Haddad and Garcia 1996; Jackson et al.l999; Lu et al. 1994; Vyas et al. 
2000) have provided evidence for an important role of angiotensin Il-dependent 
hemodynamic mechanisms in the pathophysiology of genetic hypertension in 
SHR. As mentioned earlier, there is increased ATi receptor density in afferent 
arterioles, which may be involved in the enhanced responsiveness of these ves- 
sels to angiotensin II in SHR (Haddad and Garcia 1996). Furthermore, there is 
enhanced Gi protein-dependent signaling (Jackson et al.l999) and a down-regu- 
lation of Gs protein expression in response to angiotensin II in SHR renal resis- 
tance vessels (Vyas et al. 2000). The dose response curve of angiotensin Il-in- 
duced activation of phospholipase D in SHR renal microvascular smooth muscle 
cells is shifted to the left (Andresen et al. 2001). AT 2 receptor-mediated dilata- 
tion of afferent arterioles has been demonstrated in normotensive WKY rats but 
not in SHR (Endo et al. 1998), indicating that AT 2 receptor-dependent mecha- 
nisms may contribute to the hypertensiogenic actions of angiotensin II on the 
kidney. Further evidence for a role of angiotensin Il-dependent renal hemody- 
namic mechanisms comes from pharmacological experiments that interfere 
with the renin-angiotensin system. Thus, renal medullary ACE inhibition in- 
creases medullary blood flow and renal sodium excretion and lowers arterial 
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pressure in SHR (Lu et al. 1994). Furthermore, systemic short-term ACE inhibi- 
tion and short-term AT i receptor antagonism as well as long-term systemic ACE 
inhibition increase medullary blood flow responsiveness to changes in renal 
perfusion pressure, which may improve pressure natriuresis in SHR (Dukacz et 
al. 1999; Dukacz and Kline 1999). 

In addition to renal hemodynamic mechanisms, impaired glomerular func- 
tion and reduced glomerular filtration surface area have been implicated in the 
development of hypertension in SHR (Brenner et al. 1988). Four-to-five-week- 
old SHR show a threefold increase in glomerular ATi receptor binding com- 
pared to age-matched WKY rats (Haws et al. 1994). Although less pronounced, 
this strain difference in glomerular AT i receptor binding is also present in adult 
animals (Haws et al. 1994). Glomeruli from SHR of the stroke-prone substrain 
show increased levels of angiotensinogen, ACE and ATia as well as ATib receptor 
mRNA (Obata et al. 2000). Chronic ACE inhibitor treatment reduced the mRNA 
levels of the components of the renin-angiotensin system to those seen in nor- 
motensive rats (Obata et al. 2000). The effect of ACE inhibitor treatment on re- 
nin-angiotensin system gene expression were associated with reductions in uri- 
nary albumin excretion and glomerulosclerosis (Obata et al. 2000). On the other 
hand, chronic ACE inhibitor treatment did not affect glomerular capillary 
growth and filtration surface area in juvenile SHR (Black et al. 2001). 

A further mechanism by which angiotensin II may contribute to hyperten- 
sion via its renal actions may relate to the TGF response. Increased reactivity of 
the TGF mechanism may contribute to the compromised electrolyte and water 
excretion in hypertension. The reactivity of the TGF mechanism is increased in 
SHR and Milan hypertensive rats (Arendshorst et al. 1999) but not in hyperten- 
sive fawn-hooded rats (Verseput et al. 1998). It has been shown with several ex- 
perimental modifications that blockade of ATi receptors reduces the maximum 
range and sensitivity of the TGF response in SHR (Arendshorst et al. 1999; 
Brannstrom et al. 1996). 

4 

Epithelial Transport 

Angiotensin II contributes to renal tubular sodium reabsorption by its hemody- 
namic effects and via the release of aldosterone from the adrenal cortex. In 
addition, angiotensin II affects tubular epithelial electrolyte transport by direct 
actions on tubular epithelial cells via ATi receptors (Douglas and Hopfer 1994; 
Hiranyachattada and Harris 1996; Quan and Baum 1996) located at both the lu- 
minal and basolateral membranes (Cogan 1990; Douglas and Hopfer 1994). In 
contrast to ATi receptors in renal vasculature and glomeruli, ATi receptors in 
the proximal tub ulus may be positively regulated, i.e., ATi receptor mRNA levels 
and ATi receptor binding increase with rising angiotensin II concentrations 
(Cheng et al. 1995). On the other hand, tubular ATj receptors are down-regulat- 
ed in several forms of experimental hypertension with elevated angiotensin II 
levels (Wang et al. 1999). 
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In the proximal tubule — where about two-thirds of the filtered volume and 
electrolytes are reabsorbed — angiotensin II exerts a biphasic effect on epithelial 
sodium transport with low concentrations of the peptide increasing and high 
concentrations decreasing tubular sodium reabsorption (Harris and Young 
1977; Hiranyachattada and Harris 1996). Thus, it has been known for more than 
2 decades that peritubular angiotensin II concentrations in the picomolar range, 
which correspond to physiological plasma angiotensin II concentrations, stimu- 
late sodium reabsorption, whereas peritubular angiotensin II concentrations in 
the nanomolar range are inhibitory (Harris and Young 1977). It should be not- 
ed, however, that angiotensin II levels in renal tissue, and in particular in renal 
tubular fluid, are much higher than plasma levels (Braam et al. 1993; Cervenka 
et al. 1999b; Imig et al. 1999; Navar et al. 2002; Quan and Baum 1996). While the 
dose-response curve for the effects of angiotensin II on proximal tubular sodi- 
um transport is shifted to the right when intraluminal rather than peritubular 
administration of the peptide is considered, physiologically occurring angioten- 
sin II concentrations in the proximal tubular fluid may be high enough to elicit 
inhibitory effects. Thus, it has been reported that ATi receptor inhibition by 
losartan given intratubularly increases proximal tubular fluid absorption in 
anesthetized Sprague-Dawley rats (Hiranyachattada and Harris 1996), while re- 
nal interstitial infusion of losartan increases fractional sodium reabsorption 
(Peng and Knox 1995). The effects of angiotensin II on sodium reabsorption are 
most prominent in the early proximal tubule (SI segment) and it has been esti- 
mated that about 15% of the total renal tubular sodium reabsorption may be 
under the direct control of the peptide (Cogan 1990). 

While there is general agreement that the actions of angiotensin II on proxi- 
mal tubular sodium transport are mainly, if not exclusively mediated via ATi 
type receptors, reports on the angiotensin Il-induced signaling mechanisms in 
this section of the nephron have been variable (Fig. 2). Enhanced angiotensin 
Il-induced proximal tubular sodium reabsorption may involve stimulation of 
the Na'^-H'^ exchanger in the apical membrane (Geibel et al. 1990; Houillier et 
al. 1996; Reilly et al. 1995), the Na'^-K^-ATPase in the basolateral membrane 
(Aperia et al. 1994; Bharatula et al. 1998; Houillier et al. 1996), or the Na'^/HC 03 ' 
cotransporter (Geibel et al. 1990; Reilly et al. 1995), which is also located in the 
basolateral membrane. Angiotensin Il-induced increase and decrease in Na'^-H'^ 
exchanger activity and in Na‘^-K‘^-ATPase activity have been reported with low 
doses of the peptide stimulating the membrane electrolyte transporters, whereas 
high doses tend to be inhibitory (Aperia et al. 1994; Bharatula et al. 1998; 
Houillier et al. 1996). 

Proximal tubular cells share with glomerular mesangial cells the feature that 
angiotensin II profoundly inhibits adenylate cyclase, whereas activation of PEG, 
which is the major angiotensin II signal transduction pathway in most other tar- 
get tissues of the peptide, is less pronounced (Cogan 1990; Douglas and Hopfer 
1994; Schelling et al. 1994; Thekkumkara and Linas 2002). Which signaling en- 
zymes couple angiotensin II to sodium transport in the proximal tubule is cur- 
rently not clear (Rangel et al. 2002; Thekkumkara et al. 1998). Thus, inhibition 
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Fig. 2A, B Mechanisms involved in angiotensin ll-mediated biphasic effects on proximal tubular Na^ 
reabsorption. A Angiotensin II increases proximal tubular Na+ reabsorption at picomolar to nanomolar 
concentrations. This is due to stimulation of apical Na^-H'^-exchanger activity and basolateral Na^-K^- 
ATPase activity via ATi receptors. Signal transduction involves inhibition of adenylate cyclase (AO, acti- 
vation of phospholipase C (PLQ and protein kinase C (PKQ as well as stimulation of protein phospha- 
tase 2B (calcineurin). B Angiotensin II decreases proximal tubular Na^ reabsorption at nanomolar to 
micromolar concentrations. Inhibition of apical tubular acidification via the Na^-H^ exchanger appears 
to be mediated via AT 2 receptors. The role of the ATi receptor is less clear. In several studies, the inhibi- 
tion of proximal tubular sodium reabsorption could be blocked by losartan. High concentrations of an- 
giotensin II activate phospholipase ^2 (PLA 2 ), which causes arachidonic acid (AA) release from mem- 
brane lipids. Epoxyeicosatetraenoic-acids (EETs) formed from AA by cytochrome P450 (CYP450) epoxyge- 
nase activity are causally linked to inhibition of apical Na^-H+ exchanger activity and basolateral Na^- 
K+-ATPase activity 

of adenylate cyclase reduces protein kinase A activity, which — if it was involved 
in transcellular sodium transport — should in turn lead to increased Na'^-H'^ ex- 
changer activity. However, blockade of PKA failed to stimulate proximal tubular 
Na'^-H^ exchanger activity (Houillier et al. 1996), indicating that this enzyme 
may not be involved in the regulation of tubular sodium transport by angioten- 
sin II. The situation is similarly complex with PKC, which is activated by the 
PLC pathway. Thus, PKC has been reported to stimulate or inhibit Na'^-H'^ ex- 
changer activity (Houillier et al. 1996; Tse et al. 1993) and to activate or inacti- 
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vate Na'^-K'^-ATPase (Bertorello 1992; Middleton et al. 1993). The stimulation of 
proximal tubular Na'^-K'^-ATPase activity by angiotensin II has been reported to 
be associated with the activation of Ca^'^/calmodulin-dependent protein phos- 
phatase 2B (calcineurin) (Aperia et al. 1994). 

While both the low-dose angiotensin Il-induced stimulation and the high- 
dose angiotensin Il-induced inhibition of proximal tubular sodium transport 
are potently inhibited by the ATi receptor-specific blocker losartan (Bharatula 
et al. 1998; Hiranyachattada and Harris 1996), recent evidence suggests that 
AT 2 receptors may also play a role as mediators of angiotensin Il-induced inhi- 
bition of sodium transport (Haithcock et al. 1999). The signal transduction 
mechanisms related to angiotensin Il-induced inhibition of tubular sodium re- 
absorption may involve cytochrome P450-dependent metabolites of arachidonic 
acid (Douglas and Hopfer 1994; Haithcock et al. 1999; Harwalkar et al. 1998; 
Houillier et al. 1996). 

Further angiotensin II effects on proximal tubular transport include the acti- 
vation of H'^-ATPase activity (Wagner et al. 1998) and the stimulation of proxi- 
mal tubular ammonia secretion during acidosis via an ATi receptor-dependent 
mechanism (Nagami 2002). The ATi receptor antagonist losartan inhibits urate 
uptake through an ATi receptor-independent mechanism by interfering with an 
anion exchanger in the proximal tubule (Edwards et al. 1996). 

In addition to having profound effects on proximal tubular fluid and electro- 
lyte reabsorption, angiotensin II may be an important regulator of the function 
of the thick ascending limb of Henle (TAL). In this nephron segment, the Na"^- 
K‘^-2C1" cotransporter is the major apical carrier responsible for luminal uptake 
and thus transcellular absorption of sodium. The Na'^-K'^-2C1~ cotransporter in 
the TAL is inhibited by picomolar concentrations of angiotensin II, whereas it is 
activated by nanomolar concentrations (Amlal et al. 1998). Both the inhibitory 
and the stimulatory effects of angiotensin II on Na'^-K'^-2C1“ cotransporter ac- 
tivity are mediated through ATi receptors (Amlal et al. 1998). The inhibitory ef- 
fect appears to be mediated by cytochrome P-450-dependent 20-HETE forma- 
tion, whereas the stimulatory effect seems to be due to PKC activation (Amlal et 
al. 1998). In addition to regulating Na'^-K'''-2C1" cotransporter activity, angioten- 
sin II affects apical channel activity in the TAL (Lu et al. 1996). Again, the 
effect is biphasic, with low concentrations of angiotensin II inhibiting and high 
concentrations stimulating channel activity. As with the effects of angioten- 
sin II on Na‘^-K'^-2C1" cotransporter activity, the basal inhibitory effect of the 
peptide on apical channel activity appears to be mediated by cytochrome P- 
450-dependent 20-HETE formation, whereas the stimulatory effect may be me- 
diated via NO (Lu et al. 1996). 

Further actions of angiotensin II on TAL tubular cells include a biphasic ef- 
fect on ^^Rb uptake (Ferreri et al. 1998) with low doses of the peptide being 
stimulatory and high doses being inhibitory as well as an inhibitory effect on 
bicarbonate reabsorption (Good et al. 1999). The latter effect does not show a 
concentration-dependent biphasic behavior, which is in contrast to the effects 
of angiotensin II on many other transport mechanisms in the tubular system. 
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including the effects of the peptide on bicarbonate reabsorption in the proximal 
tubulus (Good et al. 1999). 

Further downstream the tubular system angiotensin II directly stimulates flu- 
id as well as sodium and bicarbonate reabsorption in the distal tubule (Berreto- 
Chaves and Mello-Aires 1996; Levine et al. 1996; Wang and Giebisch 1996). The 
distal tubule is a heterogeneous structure and different transport mechanisms 
are present in early and late segments. In vivo microperfusion experiments re- 
vealed that angiotensin II in the picomolar range stimulates fluid, sodium and 
bicarbonate reabsorption in the early distal tubule (Berreto-Chaves and Mello- 
Aires 1996; Wang and Giebisch 1996). The effects of angiotensin II on fluid and 
electrolyte reabsorption have been reported to be abolished by the luminal ap- 
plication of an ATi receptor antagonist and of the specific Na'^-H'^-exchange in- 
hibitor 5-(W,iV-hexamethylene)amiloride (Berreto-Chaves and Mello-Aires 1996; 
Wang and Giebisch 1996). In the late distal tubule, angiotensin II also stimulates 
fluid and sodium reabsorption via specific ATi receptor-mediated mechanisms 
(Berreto-Chaves and Mello-Aires 1996; Levine et al. 1996; Wang and Giebisch 
1996) and may (Berreto-Chaves and Mello-Aires 1996; Levine et al. 1996) or 
may not (Wang and Giebisch 1996) activate bicarbonate reabsorption. 

The role of angiotensin II as a regulator of tubular transport systems also 
comprises effects on the collecting duct (Peti-Peterdi et al. 2001; Tojo et al. 1995; 
Weiner et al. 1995), which is lined with principal cells as well as type A and B 
intercalated cells. Type A intercalated cells secrete and type B intercalated 
cells secrete bicarbonate into the lumen; both cell types are involved in the regu- 
lation of acid base homeostasis. In the rat microdissected cortical collecting 
duct, angiotensin II has been shown to inhibit H^-ATPase but not H’^-K'^-AT- 
Pase activity in a dose-dependent manner (Tojo et al. 1995). Furthermore, in 
microperfused rabbit, outer but not inner cortical collecting duct angiotensin II 
has been shown to enhance B cell apical bicarbonate secretion through basolat- 
eral AT] receptor stimulation (Weiner et al. 1995). In addition, recent evidence 
suggests that angiotensin II may directly stimulate epithelial sodium channel ac- 
tivity in the cortical collecting duct via ATi receptors (Peti-Peterdi et al. 2001). 

Via its actions on renal tubular epithelial cells, angiotensin II may contribute 
to the pathogenesis of arterial hypertension (Cogan 1990; Navar et al. 2002). 
While elevated intrarenal angiotensin II concentrations have been found in sev- 
eral forms of experimental hypertension including two-kidney, one-clip hyper- 
tensive rats, ren2 transgenic rats, and angiotensin Il-infused rats (Navar et al. 
2002), their exact contributions to increased tubular sodium and fluid reabsorp- 
tion as well as to the development of hypertension in these models remain to be 
established. Thus, the addition of the ATi receptor blocker losartan to the intra- 
tubular fluid has been reported to increase transepithelial fluid intake in the 
proximal tubulus of Sprague-Dawley rats (Hiranyachattada and Harris 1996). 
On the other hand, renal interstitial infusion of losartan has been found to in- 
crease fractional sodium excretion in the same rat strain (Peng and Knox 1995). 
The effects of ATi receptor blockade on renal sodium excretion have also been 
investigated in the nonclipped kidney of two-kidney, one-clip hypertensive rats 
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(Cervenka et al. 1999b). Although these kidneys undergo marked depletion of 
renin content and renin mRNA, intrarenal angiotensin II levels are not sup- 
pressed and are much higher than can be explained on the basis of plasma lev- 
els. Direct infusion of the ATi receptor antagonist candesartan into the renal ar- 
tery of nonclipped kidneys increased fractional sodium excretion independently 
of its hemodynamic effects (Cervenka et al. 1999b). These data suggest that lo- 
cally formed intrarenal angiotensin II in the nonclipped kidney of two-kidney, 
one-clip hypertensive rats may contribute to arterial hypertension in this model 
by enhancing tubular sodium reabsorption. 

The effects of specific ATi receptor blockade on tubular sodium reabsorption 
occur despite significant down-regulation of tubular ATi receptors (ATia sub- 
type), which has been reported in two-kidney, one-clip hypertensive rats and 
other experimental models of hypertension with high angiotensin II levels, in- 
cluding renal wrap hypertension and chronic intravenous angiotensin II infu- 
sion (Wang et al. 1999). Interestingly, the ATia receptor was down-regulated in 
both the nonischemic and the ischemic kidney of two-kidney, one-clip and renal 
wrap hypertensive rats, whereas the AT 2 receptor was down- regulated only in 
the ischemic kidney (Wang et al. 1999), opening up the possibility that differen- 
tial regulation of angiotensin receptor subtypes may play a role in the patho- 
physiology of renal hypertension. 

SHR show multiple abnormalities in tubular transport mechanisms (Aldred 
et al. 2000; Parent! et al. 2000; Thomas et al. 1990), which may be subject to reg- 
ulation by angiotensin II (Cheng et al. 1998; Parent! et al. 2000; Thomas et al. 
1990) and which may contribute to hypertension in this strain (Wood et al. 
1993). Thus, selective intrarenal infusion of the ATi receptor blocker valsartan 
via the suprarenal artery reduced arterial pressure in SHR at doses that left 
blood pressure unaltered when infused systemically (Wood et al. 1993). While 
this observation strongly suggests that intrarenal ATi receptor-mediated effects 
contribute to the pathophysiology of hypertension in SHR, the underlying 
mechanisms are currently unclear. 

At 4 weeks of age, i.e., during the developmental phase of hypertension, SHR 
show increased ATi receptor mRNA levels and increased ATi receptor-specific 
immunoreactive staining in proximal tubular cells compared to age-matched 
WKY rats (Cheng et al. 1998). In adult SHR, these differences were no longer 
detectable (Cheng et al. 1998). Furthermore, 5-week-old SHR showed increased 
proximal tubular Na'^-H'^ exchanger and H'^-ATPase activities compared with 
normotensive Donryu rats (Aldred et al. 2000). Although angiotensin II acti- 
vates mitogen-activated protein kinases and the latter have been shown to regu- 
late Na'^-H'^ exchanger activity, recent evidence suggests that this regulatory 
pathway is unlikely to account for the increased activity of the Na'^-H'^ exchang- 
er in the proximal tubular epithelium of SHR (Parent! et al. 2000). Nevertheless, 
the above findings support the hypothesis that angiotensin II may act on proxi- 
mal tubular ATi receptors to stimulate apical Na'^-H'^ exchanger activity, thereby 
causing increased tubular sodium reabsorption in young SHR during the devel- 
opmental phase of hypertension. On the other hand, 5- and 12-week-old SHR 
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had similar basal proximal tubular fluid reabsorption rates as age-matched 
WKY rats (Thomas et al. 1990). Angiotensin II added to the peritubular fluid in 
picomolar concentrations stimulated fluid reabsorption. In 5-week-old SHR, the 
dose-response curve for this effect was shifted to the right (Thomas et al. 1990), 
indicating that angiotensin II stimulates proximal tubular fluid reabsorption to 
a lesser extent in young SHR than in WKY. 

5 

Inflammation 

Hypertension causes renal damage, which contributes to a further arterial pres- 
sure rise and may ultimately lead to renal failure. The progression of renal dam- 
age is associated with inflammatory reactions within the kidney. These inflam- 
matory reactions are mediated to a certain extent by angiotensin II (Zatz and 
Fujihara 2002). In addition to pressure-induced damage to the renal vasculature 
and glomeruli, there are two major pathways by which angiotensin II can en- 
hance renal inflammatory responses. First, mononuclear cells and macrophages 
possess all major components of the renin-angiotensin system (Okamura et al. 
1999) and stimulation of this system may activate regulatory and effector mech- 
anisms of the immune system such as cytokines and oxygen radicals. Second, 
angiotensin II may induce the expression of transcription factors, adhesion mo- 
lecules and cytokines in various renal cell types, which in turn may cause or fa- 
cilitate leukocyte and mononuclear infiltration into the kidney (Luft et al. 1999; 
Zatz and Fujihara 2002). 

The link between angiotensin II and immunological processes within the 
kidney is illustrated by several observations (Kang et al. 2002; Luft et al. 1999; 
Mervaala et al. 2000; Ritz et al. 2000; Rodriguez-Iturbe et al. 2001a; Ruiz-Ortega 
et al. 2001). ACE inhibitors and angiotensin II receptor blockers have anti-in- 
flammatory effects within the damaged kidney (Luft et al. 1999; Ritz et al. 2000; 
Ruiz-Ortega et al. 2001). Immunosuppressive treatment can lower arterial pres- 
sure and reduce renal inflammation in double transgenic rats with human renin 
and angiotensinogen transgenes (Mervaala et al. 2000) and in angiotensin Il-in- 
fused rats (Rodriguez-Iturbe et al. 2001a). Angiotensinogen-defident mice ex- 
pressing a rat angiotensinogen transgene in the liver and the brain but not in 
the kidney showed less renal damage than animals with intact renal angiotensi- 
nogen gene expression, despite similar blood pressures (Kang et al. 2002). 

When infused intravenously, angiotensin II up-regulated the transcription 
factors activator protein- 1 (AP-1) and nuclear factor /cB (NF-/cB) in glomerular 
mesangial and epithelial cells as well as in tubular epithelial and mononuclear 
infiltrating cells (Ruiz-Ortega et al. 2001). It also induced the expression of AP-1 
and NF-k:B in cultured tubular epithelial cells (Ruiz-Ortega et al. 2001). Both 
types of angiotensin II receptors were involved in these responses. Thus, ATi re- 
ceptor blockade diminished NF-/cB and abolished AP-1 activity in glomerular 
and tubular cells, whereas AT 2 receptor blockade diminished mononuclear cell 
infiltration and NF-/cB activity without any effect on AP-1 (Ruiz-Ortega et al. 
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2001). Angiotensin II has also been demonstrated to induce the expression of 
the chemotactic cytokine RANTES in rat glomeruli in vivo and in cultured rat 
glomerular epithelial cells (Wolf et al. 1997b). The effect appears to be mediated 
via AT 2 receptors (Wolf et al. 1997b). 

Increased cytokine expression has also been observed in hypertensive animal 
models with high angiotensin II levels (Hilgers et al. 2001; Mervaala et al. 2001). 
Thus, the expression of macrophage chemotactic protein- 1 (MCP-1) has been 
reported to be elevated in the nonclipped kidney of two-kidney, one-clip hyper- 
tensive rats (Hilgers et al. 2001). Renal MCP-1 expression was substantially re- 
duced by low-dose losartan treatment, which did not affect systemic blood pres- 
sure (Hilgers et al. 2001). Furthermore, interleukin-6 expression is increased in 
kidneys of double transgenic rats harboring the genes for human renin and an- 
giotensinogen (Mervaala et al. 2001). 

6 

Nitric Oxide and Oxygen Radicals 

Nitric oxide (NO) and oxygen radicals modulate vascular tone as well as epithe- 
lial transport and are involved in inflammatory processes. NO and oxygen radi- 
cals are closely related with regard to their generation and may have mutually 
antagonistic and synergistic actions (Rodriguez-Iturbe et al. 2001a; Schnacken- 
berg 2002). 

NO and cGMP antagonize many physiological effects of angiotensin II such 
as regulation of blood pressure and sodium transport in the kidney. It has been 
shown that angiotensin II activates the NO/cGMP signaling pathway in several 
tissues, including renal interstitium (Siragy and Carey 1997), isolated renal re- 
sistance arteries (Thorup et al. 1999), and isolated renal proximal tubules 
(Zhang and Mayeux 1998). Which angiotensin II receptor type is involved re- 
mains controversial, as the effect has been reported to be inhibited by either 
specific ATi (Thorup et al. 1999; Zhang and Mayeux 1998) or AT 2 receptor an- 
tagonists (Gohlke et al. 1998; Siragy and Carey 1997). As revealed by renal mi- 
crodialysis experiments in conscious sodium-depleted rats, high levels of en- 
dogenously formed angiotensin II may exert a tonic stimulatory effect on renal 
interstitial fluid cGMP levels (Siragy and Carey 1997). In contrast to the results 
mentioned above, angiotensin II failed to stimulate NO production in cultured 
mouse proximal epithelial cells, but inhibited the stimulatory effect of the com- 
bined administration of lipopolysaccharide and y-interferon on NO synthesis 
through an ATi receptor-dependent mechanism (Wolf et al. 1997a). 

The functional consequences of angiotensin Il-induced stimulation of cGMP 
synthesis may involve inhibition of Na^-K'^-ATPase activity. cGMP has been 
shown to inhibit renal Na^-K'^-ATPase activity (McKee et al. 1994). Angiotensin 
II stimulates renal Na^-K^-ATPase activity at low concentrations, but the effect 
is lost at high concentrations. In isolated rat proximal tubulus inhibition of NO 
synthase or of guanylyl cyclase both unmasked the stimulatory effect of angio- 
tensin II on Na^-K'^-ATPase activity when high concentrations of the peptide 
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were administered (Zhang and Mayeux 2001). These data indicate that the fail- 
ure of high concentrations of angiotensin 11 to stimulate Na^-K'^-ATPase activity 
may be due to the simultaneous activation of the NO/cGMP signaling pathway, 
which serves as a negative regulatory component. 

In addition to the stimulation of NO by angiotensin II, there are several 
known functional interactions between the two compounds. Thus, inhibition of 
NO synthesis leads to glomerular arteriolar vasoconstriction, decreased glomer- 
ular ultrafiltration, reduced single nephron GFR and decreased tubular fluid re- 
absorption (Baylis and Qiu 1996; De Nicola et al. 1992). All of these effects have 
been reported to be substantially attenuated or even prevented by specific ATi 
receptor blockade (Baylis and Qiu 1996; De Nicola et al. 1992). In contrast, the 
renal vasoconstrictor actions of angiotensin II have been reported to be en- 
hanced by NO synthase inhibition (Baylis et al. 1994; Sanchez-Mendoza et al. 
1998). 

Reactive oxygen species such as superoxide anions, hydroxyl radicals and hy- 
drogen peroxide are formed during redox reactions in mitochondria, cytosol 
and in close proximity to the plasma membrane. The vascular synthesis of reac- 
tive oxygen species is increased by angiotensin II via AT i receptor-mediated ac- 
tivation of NAPDH oxidase (Schnackenberg 2002; Wang et al. 2001) and super- 
oxide dismutase (Fukai et al. 1999). In the kidney, superoxide anions act as 
vasoconstrictors (Schnackenberg 2002). The renal vasoconstrictor effects and 
the hypertensive effects of oxygen radicals (especially superoxide anions) may 
in part be due to antagonism of the NO system, i.e., through formation of perox- 
ynitrite (ONOO“) (Schnackenberg 2002). Because of their close functional rela- 
tionship, reactive oxygen species and NO are discussed together with regard to 
their role in renal hypertensive actions of angiotensin II. 

Peroxynitrite is formed by NO and molecular oxygen or superoxide and re- 
acts with tyrosine to form nitrotyrosine. The latter can be detected by specific 
immunohistochemical methods. To the extent that nitrotyrosine formation is 
due to enhanced NO synthesis rather than unspecific oxidative stress, immuno- 
histochemically detected nitrotyrosine can be used as a footprint for locally re- 
leased NO. With this method, enhanced signals have been found in the extra- 
glomerular mesangium of the ischemic kidney as well as in cortical arteries and 
arterioles of the nonischemic kidney of two-kidney, one-clip hypertensive rats 
(Bosse and Bachmann 1997). On the other hand, experiments in rats with aortic 
coarctation between both renal arteries provided evidence that NO formation 
and functional antagonism of the NO system to the vasoconstrictor effects of 
angiotensin II are greatly reduced in the kidney lying above the coarctation 
(Sanchez-Mendoza et al. 1998). The exact role of the renal NO system in these 
experimental models of hypertension remains to be elucidated. 

Experimental hypertension caused by chronic angiotensin II infusion is me- 
diated at least in part by an increased formation of oxygen radicals and a re- 
duced availability of NO (Nishiyama et al. 2001; Ortiz et al. 2001). It has been 
shown that vitamin E and the superoxide dismutase mimetic 4-hydroxy-2,2,6,6- 
tetramethyl-l-piperidinoxyl (tempol) attenuate angiotensin Il-induced hyper- 
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tension (Nishiyama et al. 2001; Ortiz et al. 2001). The antioxidant treatment was 
associated with increased urinary nitrite/nitrate excretion (Ortiz et al. 2001) 
and NO synthase inhibition greatly blunted the blood pressure-lowering effect 
of tempol (Nishiyama et al. 2001), indicating that the beneficial effects of the an- 
tioxidants was at least partly due to increased availability of NO. An important 
role for NO in angiotensin Il-induced hypertension is further supported by the 
finding that the ability of neuronal nitric oxide synthase-derived NO to counter- 
act the afferent arteriolar response to increased distal tubular flow (i.e., the TGF 
response) is reduced in this experimental model of hypertension (Ichihara et al. 
1999). 

Hypertensive double transgenic rats carrying the human renin and angioten- 
sinogen genes have elevated tissue angiotensin II levels (Luft et al. 1999) and the 
pathogenesis of this form of hypertension may be similar to that of chronic low- 
dose angiotensin Il-infusion hypertension. Hypertension in double transgenic 
rats is associated with impaired endothelium-dependent vasodilatation of renal 
arterial rings and decreased urinary nitrite/nitrate excretion. Furthermore, the 
activity of renal xanthine oxidoreductase, a hypoxia-inducible enzyme capable 
of generating reactive oxygen species, is elevated (Mervaala et al. 2001). All of 
these alterations are relieved by ATi receptor blockade (Mervaala et al. 2001). 
These data suggest that angiotensin II causes endothelial dysfunction associated 
with increased oxidative stress and an impaired availability of NO. 

Interactions between angiotensin II and the renal formation of reactive oxy- 
gen species and NO may also be involved in the development of genetic hyper- 
tension in SHR (Dukacz et al. 2001; Feng et al. 2001; Schnackenberg et al. 1998; 
Szentivanyi et al. 1999; Vaziri et al. 2000; Zou et al. 1998). Thus, the oxygen scav- 
enger tempol reduces arterial pressure and renal vascular resistance in SHR 
(Feng et al. 2001; Schnackenberg et al. 1998;), whereas selective impairment of 
the NO system in the renal medulla enhances the hypertensive action of angio- 
tensin II (Szentivanyi et al. 1999). While the vasoconstrictor activity of angio- 
tensin II in the renal medulla is normally buffered by the NO system (Zou et al. 
1998), there appears to be an impairment of the NO system in the kidney of 
SHR. Thus, intravenous infusions of angiotensin II have been shown to dose-de- 
pendently reduce renal medullary blood flow in SHR but not in WKY rats (see 
above) (Dukacz et al. 2001). Infusion of the NO synthase inhibitor L-NAME into 
the renal medulla unmasked angiotensin II sensitivity in WKY rats, while the 
NO precursor L-arginine given into the renal medulla abolished the responses 
to angiotensin II in SHR (Dukacz et al. 2001). The sensitivity of medullary blood 
flow to angiotensin II in SHR was also reduced by tempol (Feng et al. 2001). To- 
gether these results indicate that medullary blood flow in SHR is sensitive to an- 
giotensin II and suggest that this effect may be due to an impaired counter-reg- 
ulatory effect of NO. 

The TGF response to increased distal tubular flow is enhanced in SHR and 
can be normalized by ATi receptor inhibition (Arendshorst et al. 1999). The 
mechanisms underlying this effect are currently not well understood but may 
involve a beneficial effect of ATi receptor inhibition on oxygen radical forma- 
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tion. NO buffers and inhibition of NO synthase in the macula densa enhances 
the TGF response. There is evidence that the production of oxygen radicals in 
the juxtaglomerular apparatus opposes the buffering effect of NO on the TGF 
response (Wilcox and Welch 2000) and that this effect is exaggerated in SHR 
(Welch et al. 2000). Perfusion of the efferent arteriole with tempol has been 
shown to increase the enhancing effect of NO synthase inhibition on the TGF 
response in SHR but not in WKY rats (Welch and Wilcox 2001), implying that 
the dampening effects of NO on the TGF response had been prevented in SHR 
because of excessive oxygen radical production. This effect of tempol was not 
seen in SHR treated with an ATi receptor inhibitor in which the effect of NO 
synthase inhibition on the TGF response was normal, presumably due to the 
suppression of oxygen radical formation by ATi receptor inhibition (Welch and 
Wilcox 2001). Together these data suggest that an impaired functional antago- 
nism between angiotensin II and the NO system due to increased oxygen radical 
formation may be a renal mechanism that contributes to primary hypertension 
in SHR. 

7 

Summary and Conclusions 

Angiotensin II has profound actions on renal development and function. The re- 
nal effects of angiotensin II are mediated by both ATi and AT 2 receptors and are 
involved in the pathophysiology of several forms of hypertension. Renal intersti- 
tial and tubular fluid angiotensin II concentrations are much higher than can be 
explained on the basis of plasma levels, indicating that the peptide is generated 
locally. During renal development, ATi and AT 2 receptor-mediated mechanisms 
contribute to an appropriate balance between cellular proliferation and growth 
as well as apoptotic cell death and are therefore part of the mechanisms ensur- 
ing proper nephrogenesis. 

The main renal hemodynamic effects of angiotensin II are to raise renal vas- 
cular resistance and to lower renal blood flow via ATi receptor-dependent 
mechanisms. Furthermore, angiotensin II enhances the tubuloglomerular feed- 
back response, which in turn reduces renal blood flow and glomerular filtration 
rate. The hemodynamic responses to angiotensin II are increased in several 
forms of experimental hypertension. 

In addition to its renal hemodynamic actions, angiotensin II profoundly af- 
fects tubular epithelial transport. Many of the effects of angiotensin II on tubu- 
lar epithelial transport systems show a biphasic dose-response relationship with 
low concentrations of angiotensin II increasing and high concentrations of the 
peptide inhibiting tubular reabsorption. 

Beyond the effects of angiotensin II on renal vasculature and the tubular sys- 
tem, recent evidence suggests that angiotensin II may interfere with inflamma- 
tory processes and oxidative stress mechanisms in the kidney, thereby con- 
tributing significantly to hypertensive renal end-organ damage. 
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Abstract Angiotensin II (Ang II) is, with extracellular potassium, the principal 
regulator of the biosynthesis of aldosterone, the main mineralocorticoid in 
man. Because various cardiovascular pathological states are often associated 
with inappropriate levels of circulating aldosterone, it is of importance to un- 
derstand the intracellular molecular mechanisms leading to aldosterone output 
in the adrenal zona glomerulosa cell. The present chapter reviews the current 
knowledge on the events that are triggered by angiotensin II, from the interac- 
tion with membrane receptors to the final output of aldosterone. The initial sig- 
naling processes involve complex changes in intracellular phospholipid and cal- 
cium homeostasis resulting from effects of Ang II on various effector enzymes 
(phospholipases) and calcium channels, as well as on intracellular calcium 
stores. Concomitantly, a series of kinase pathways (protein kinase C, mitogen- 
activated protein kinase, tyrosine kinases, etc.) are activated. These intracellular 
signals then mediate a variety of localized responses along the entire cascade of 
events leading from uptake of cholesterol, the precursor of all steroids, to cho- 
lesterol supply to the mitochondrial enzymatic machinery that will process cho- 
lesterol to aldosterone. Indeed, Ang II increases HDL-cholesterol import at the 
cell surface, cholesterol ester hydrolysis in lipid droplets, scavenger receptor 
class B type I(HDL receptor), steroidogenic acute regulatory (StAR) protein or 
aldosterone synthase gene expression in the nucleus, or StAR-mediated choles- 
terol importation into mitochondria. In addition, recent work has shown that 
aldosterone can also be synthesized and act in nonclassic steroidogenic tissues 
such as brain, vessels and, most importantly, the heart, where it may have dele- 
terious effects in some pathological situations such as heart failure or myocar- 
dial infarction. 

Keywords Cholesterol • Mineralocorticoid • Calcium • Adrenal • Heart 

1 

Introduction 

Although angiotensin II (Ang II) had been identified more than 20 years earlier 
(Braun-Menendez et al. 1939; Page and Helmer 1940) and the structure of aldo- 
sterone had been known for several years (Simpson et al. 1954), the functional 
link between these two hormones only became apparent in the early 1960s, 
when it was shown that intravenous infusions of Ang II in normal humans re- 
sulted in increased secretion or urinary excretion rates of aldosterone (Laragh 
et al. 1960; Biron et al. 1961). This crucial finding was soon confirmed in the 
dog (Ganong et al. 1962) and later in other animal species (Muller 1988). 
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The renin-angiotensin-aldosterone system functions as the main modulator 
of salt and water homeostasis in the body. Whereas Ang II directly stimulates 
sodium reabsorption in the kidney proximal tubule, the fine tuning of sodium 
balance requires adrenal modulation of the biosynthesis of aldosterone, which 
enhances distal tubular sodium reabsorption and therefore exactly adjusts natri- 
uresis to the dietary sodium load. This system is particularly useful in situations 
of low sodium availability, to prevent sodium wasting and dehydration. How- 
ever, in high-salt-consuming societies, its action is often inadequate and can 
lead to salt-sensitive hypertension. 

Ang II is thus recognized as the main regulator of aldosterone secretion to- 
gether with extracellular potassium (Vallotton et al. 1995). In contrast, adreno- 
corticotropic hormone (ACTH), although efficiently activating aldosterone bio- 
synthesis in vitro, only exerts a transient stimulatory effect in vivo. ACTH can 
therefore be considered more as a modulator of glomerulosa cell steroidogene- 
sis. This is supported, for example, by the fact that circulating levels of aldoster- 
one are much more influenced by position (orthostatic vs supine) and therefore 
by the activation of the renin-angiotensin system, than by the circadian rhythm, 
as it is the case for cortisol. 

Hyperaldosteronism is associated with high blood pressure and hypokalemia. 
Because these problems can be efficiently solved by controlling aldosterone se- 
cretion, it is particularly important to determine the etiology of the aldosterone 
excess. For this purpose, renin activity is generally measured in order to assess 
whether aldosteronism is primary and due, for example, to the presence of an 
adrenal adenoma, or secondary and resulting from the activation of renin in a 
situation of volume contraction. In the latter case, Ang II is directly responsible 
for the high rate of aldosterone secretion. Like other steroids, aldosterone, be- 
cause of its hydrophobicity, cannot be stored within the steroidogenic adrenal 
glomerulosa cell and aldosterone secretion faithfully reflects the rate of its bio- 
synthesis. Considerable progress has been achieved during the last 25 years in 
the understanding of the intracellular mechanisms elicited by Ang II in control- 
ling aldosterone biosynthesis, and several reviews have been recently published 
on this topic (Foster et al. 1997; Lumbers 1999; Mulrow 1999; Weir and Dzau 
1999). In the present chapter, we will focus our attention on the cellular signal- 
ing induced by Ang II in adrenal glomerulosa cells as well as on the regulation 
by this hormone of the various steps of steroidogenesis. We will also briefly 
mention the main factors that modulate the action of Ang II on aldosterone se- 
cretion. 

In addition to their role in the control of salt and water homeostasis, both 
Ang II and aldosterone, when chronically produced, have been involved in the 
remodeling of blood vessels, heart and kidney. Although the circulating hor- 
mones may contribute to this process, the locally produced hormones probably 
play a major role. A section of this review will deal with this novel avenue in the 
field of Ang Il-controlled aldosterone biosynthesis in nonclassic tissues. 
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2 

Angiotensin IMnduced Intracellular Signaling in the Activation 
of Aldosterone Biosynthesis 



2.1 

Receptor Internalization and G Protein Activation 

As for other peptide hormones, the first step in Ang II action is its binding to a 
membrane receptor expressed at the surface of the target cell. We will first dis- 
cuss the receptor subtype linked to stimulation of aldosterone secretion, the 
modulation of this receptor and the signal transduction through G proteins. 

2.1.1 

Angiotensin Receptor Subtypes 

Most of the classic functions attributed to Ang II (vasoconstriction, salt and wa- 
ter retention, growth stimulation) are mediated by activation of the ATi receptor 
subtype (Bernstein and Berk 1993; Timmermans et al. 1993). This receptor is a 
member of the seven transmembrane domain receptor superfamily and is cou- 
pled to various G proteins. Its effectors include phospholipase C, D and A 2 , ade- 
nylyl cyclase and calcium channels. Two distinct subtypes of this receptor, ATia 
and ATib, have been cloned and sequenced, and in contrast to most of the other 
actions of Ang II, the control of aldosterone biosynthesis and secretion appears 
to be essentially mediated by the ATib isoform (Gigante et al. 1997). 

The AT 2 receptor is not involved in the control of aldosterone secretion, given 
that aldosterone production induced by Ang II in rat, bovine and rabbit adrenal 
glomerulosa cells is prevented by the ATi selective antagonists losartan 
(DuP753) and CV-11974, but not by the AT 2 antagonists PD123177 or PD123319 
(Hajnoczky et al. 1992a; Tanabe et al. 1998; Wada et al. 1994). However, the AT 2 
receptor could play a role in the adrenal glomerulosa cell in the production of 
an ouabain-like substance (Shah et al. 1998). Interestingly, in the mid-gestation 
ovine fetus, Ang II can stimulate aldosterone production only after AT 2 receptor 
inhibition, suggesting the presence of a strong antagonizing signal generated by 
this receptor at this period of development (Moritz et al. 1999). Screening of hu- 
man aldosterone-producing adenomas or carcinomas did not reveal any activat- 
ing mutation in the coding region of ATi receptor gene, as it is the case for TSH 
or LH receptors, which could have been responsible for some form of hyperal- 
dosteronism (Davies et al. 1997; Sachse et al. 1997). 



2.1.2 

Receptor Internalization and Modulation 

Controlling the level of the ATi receptor expression at the cell surface is a key 
mechanism for modulating aldosterone production. In this regard, the effect of 
sodium depletion or high potassium diet on aldosterone secretion in vivo could 
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be partly due to ATi receptor gene up-regulation (Inagami 1995). On the other 
hand, a rapid desensitization of the system can be achieved by retrieval of the 
receptor from the cell surface. Indeed, early observations suggest that the reduc- 
tion of aldosterone response to Ang II after 6 h of cell incubation with the hor- 
mone is linked to a decrease in the capacity of the cells to form inositol phos- 
phates in response to a subsequent stimulation with Ang II (Enyedi and Spat 
1987). Binding studies in bovine glomerulosa cells revealed a rapid shift of the 
ATi receptor from a high-affmity to a low- affinity state in response to Ang II, 
probably due to receptor dissociation from G proteins (Boulay et al. 1994), while 
a loss of total Ang II binding sites was observed upon pretreatment with higher 
concentrations of Ang II, an effect that was maximal after 14 h and sensitive 
to temperature, a parameter that has been shown to control receptor recycling 
(Richard et al. 1997a, 1997b). A time-dependent decrease in ATi receptor mes- 
senger RNA levels was also observed after similar pretreatment of the cells for 
24 h. Using a monoclonal antibody against the N-terminal part of the rat ATi 
receptor, it has been directly shown that receptor recycling to the plasma mem- 
brane is constitutive or regulated by unknown factors and that retention of the 
receptor at the surface is sufficient to stimulate aldosterone output (Vinson et 
al. 1994b). Indeed, while ATi receptor internalization has been proposed to be 
required for PKC activation (Vinson et al. 1995), preventing this process stimu- 
lates inositol trisphosphate release and steroidogenesis (Kapas et al. 1994b). 



2.13 

G Protein Coupling 

Seven transmembrane domain receptors depend upon specific G protein activa- 
tion to transmit their signal into the cell, and the ATi receptor is no exception. 
Coupling this receptor to a cyclase inhibitory protein (Gi) has been recognized 
for a long time, at least in rat glomerulosa cells, where Ang II inhibits ACTH- 
stimulated cAMP production. However, the lack of effect of pertussis toxin — 
which blocks both Gi and Go — on other Ang Il-induced responses such as PLC 
activation, the rise of cytosolic calcium concentration and aldosterone secretion, 
rapidly suggested receptor coupling to additional G proteins of the Gq/n family, 
as classically observed for other hormones linked to similar intracellular mes- 
senger pathways (Catt et al. 1997, 1988; Hausdorff et al. 1987). 

Interestingly, cytoskeleton-disrupting agents such as cytochalasin B and col- 
chicine have been shown to decrease the Ang Il-induced inositol phosphate re- 
sponse in rat glomerulosa cells, suggesting that both microfilament and micro- 
tubule integrity is essential for PLC activation (Cote et al. 1997). This was sup- 
ported by the finding that Gq/n alpha subunit is associated with the cytoskele- 
ton and rapidly redistributed, together with these cytoskeletal elements, toward 
the plasma membrane upon Ang II stimulation. 

In addition to cAMP modulation, the pertussis toxin-sensitive G proteins ac- 
tivated by Ang II in glomerulosa cells have been more recently proposed to be 
involved in the rapid (within minutes) regulation of voltage-operated calcium 
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channels. Indeed, while Gi apparently mediates a positive modulatory effect of 
Ang II on the activity of T-type calcium channels (Lu et al. 1996), a Go protein 
could be responsible for L channel inhibition by the same hormone (Maturana 
et al. 1999b). This complex modulation explains why pertussis toxin changes 
Ca^"^ influx without affecting Ins(l,4,5)P3 production (Kojima et al. 1986a). 



2.2 

The Calcium Messenger System 

Calcium mobilization is the principal signaling mechanism recruited by Ang II 
to exert its effect on its various target cells, including adrenal glomerulosa cells 




Fig. 1 Angiotensin ll-induced calcium signaling in adrenal glomerulosa cells. Model of the various 
pathways of the calcium messenger system in adrenal glomerulosa cells involved In angiotensin ll-in- 
duced aldosterone biosynthesis. Solid arrows indicate stimulatory and dotted arrows inhibitory actions 
of an agent on its target, while gray arrows indicate calcium fluxes. See text for additional explanations. 
Ang II, angiotensin II; AT^, Ang II receptor subtype 1; PLC, phosphoinositide-specific phospholipase C; 
Gq/TT, heterotrimeric G protein of the q/11 family; Gj/o, pertussis toxin-sensitive heterotrimeric G protein 
of the I/O family; L, L-type calcium channel; T, T-type calcium channel; SOC, store-operated calcium 
channel; V, membrane potential; DAG, diacylglycerol; PKC, protein kinase C; IP 3 , inositol 1,4,5-trlsphos- 
phate; IPn, IP3 metabolites; IP 3 R, IP3 receptor; CaM, calmodulin; CaMKI, CaMKII, CaM-dependent protein 
kinase type I, type II, respectively; Choi, cholesterol-rich lipid droplet; NCX, sodium/calcium exchanger; 
P38, p38 mitogen-activated protein kinase (MAPK); PMCA, plasma membrane calcium ATPase; TK, tyro- 
sine kinase; SERCA, sarcoendoplasmlc reticulum calcium ATPase; Cn, calcineurin; AC, adenylyl cyclase; 
CYP11B2, gene coding for aldosterone synthase 
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(Barrett et al. 1989; Ganguly and Davis 1994; Spat 1988; Spat et al. 1991). We will 
now describe the various pathways of Ca^"^ as well as the Ca^'^ effectors directly 
involved in the stimulation of aldosterone secretion by Ang II. A general scheme 
of the Ca^^ signaling in adrenal glomerulosa cells in relationship to Ang Il-in- 
duced aldosterone synthesis is proposed in Fig. 1. 



2.2.1 

Calcium Influx 

The requirement for extracellular Ca^'^ and for its influx into glomerulosa cells 
in the steroidogenic response to Ang II has been recognized for more than 
20 years (Braley et al. 1984; Capponi et al. 1984; Fakunding and Catt 1982; 
Fakunding et al. 1979; Foster et al. 1981; Kojima et al. 1985c). Various pathways 
for this Ca^"^ influx, each with its specific regulation, have been characterized. 

Voltage-Operated Channels. The first demonstrations of the involvement of volt- 
age-operated Ca^"^ channels (VOC) in the steroidogenic response to Ang II were 
essentially pharmacological. Various drugs such as verapamil, dihydropyridines 
or nickel have been extensively used to inhibit the response to Ang II in vitro 
and in vivo (Fakunding and Catt 1980; Millaret al. 1982; Struthers et al. 1982; 
Finkel et al. 1984; Scriabine et al. 1984; Schiebinger et al. 1986; Fitzpatrick and 
McKenna 1992). The presence of binding sites for dihydropyridines on adrenal 
capsular membranes has also been demonstrated (Finkel et al. 1984; Aguilera 
and Catt 1986). The expression in aldosterone-producing cells from various spe- 
cies of two different types of calcium channels, a low-threshold T-type and a 
high-threshold L-type channel, was shown first using an electrophysiological 
approach (Cohen et al. 1988; Matsunaga et al. 1987a, 1987b; Payet et al. 1994; 
Rossier et al. 1998a) and was later confirmed using molecular techniques 
(Horvath et al. 1998; Lesouhaitier et al. 2001; Schrier et al. 2001). However, the 
relatively high pharmacological concentrations of calcium antagonists employed 
in early studies for blocking aldosterone secretion were unable to discriminate 
between the two pathways. Later, using more selective drugs such as omega-Aga 
IIIA toxin (Barrett et al. 1995), tetrandrine (Rossier et al. 1993), peripheral-type 
benzodiazepines (Python et al. 1993), calciseptine (Rossier et al. 1996b), or mi- 
befradil (Lotshaw 2001a; Rossier et al. 1998b), it has been clearly demonstrated 
that T-type but not L-type channels control aldosterone production (see below 
in this section). This specificity of function explains in part the relatively poor 
efficiency in vivo of the classic calcium antagonists such as dihydropyridines or 
diltiazem currently used as antihypertensive drugs, to reduce circulating aldo- 
sterone levels (Conlin et al. 1998; Freed et al. 1991; Leonetti et al. 1987; Rossier 
and Capponi 2000). 

If Ang II can activate VOCs, it is primarily because the hormone is able to 
depolarize the glomerulosa cell membrane. A modulation by the hormone of 
the electrophysiological properties of glomerulosa cells has been known for 
many years (Quinn et al. 1987). Application of Ang II to isolated cells induces a 
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biphasic response, a brief hyperpolarizing phase is followed by a sustained de- 
polarization. This last effect is achieved by inhibition of potassium conduc- 
tances that normally maintain a very negative voltage in resting cells (Brauneis 
et al. 1991; Lotshaw 1997b; Quinn et al. 1987). Whereas the cell depolarization 
induced by extracellular potassium is stable and reversible, that elicited by Ang 
II appears much more complex, consisting of a slow sustained component su- 
perimposed with small amplitude fluctuations that are occasionally observed, 
suggesting that Ang II affects various conductances (Lotshaw 2001b). 

It is, however, noteworthy that, in contrast to what has been observed in Y1 
cells (Hescheler et al. 1988), no action potentials are evoked by Ang II in 
glomerulosa cells, probably because of the much more negative resting potential 
maintained in resting cells. 

Although the hormone-induced depolarization is always due to inhibition of 

permeability (Brauneis et al. 1991) and similar currents are expressed in 
human, rat and bovine glomerulosa cells (Payet et al. 1994), differences among 
species have been seen in the characteristics of the currents involved 
(Kanazirska et al. 1992; Payet et al. 1995; Vassilev et al. 1992). The effect of Ang 
II on membrane potential is reversible and entirely blocked by AT i antagonists 
(Lotshaw 1997a). Investigation of the modulation by Ang II of ^^Rb"^ or ef- 
flux has shown that Ang II probably exerts its effect on conductance via PKC 
activation (Lobo and Marusic 1986, 1988; Lobo et al. 1990). Mimicking the Ang 
II effect on the permeability through addition of sn-1,2 dioctanoylglycerol 
led to an increase in aldosterone production, probably resulting from the activa- 
tion of VOCs upon cell depolarization. 

Several groups then confirmed the functional link between conductance 
modulation and aldosterone secretion by demonstrating that Ang Il-induced ste- 
roidogenesis is markedly affected by valinomycin, a ionophore (Shepherd et 
al. 1992), or by various channel modulators (Hadjokas and Goodfriend 1991; 
Lotshaw 1997b). The fundamental role of glomerulosa cell depolarization has 
been proposed to be the basis of the synergistic interaction between the hormone 
and extracellular in the control of aldosterone production (Chen et al. 1999). 

Whereas cell depolarization is the initial event required for the activation of 
VOCs, a subsequent modulation of the channel activity can be achieved through 
G proteins (Schulz et al. 1990), through activation of protein kinases and phos- 
phatases (Trautwein and Hescheler 1990) and by controlling the channel expres- 
sion levels. If the first two mechanisms occur rapidly (within minutes), the third 
one takes hours or even days. Calcium channel modulation by Ang II in steroi- 
dogenic and nonsteroidogenic tissues has been recently reviewed (Rossier and 
Capponi 2000a). Rapid modulation of both L and T channels in glomerulosa 
cells by Ang II has been convincingly demonstrated and will be discussed now, 
but it must be remembered that a modulation of channel expression could also 
occur indirectly via an aldosterone-induced mineralocorticoid receptor stimula- 
tion (Lesouhaitier et al. 2001). 

Ang II has been shown to modulate T channel activity either positively or 
negatively (Rossier and Capponi 2000a). Indeed, a shift in response to Ang II of 
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the channel activation curve toward more negative potential values has been at- 
tributed to activation of a Gi protein in calf glomerulosa cells (Cohen et al. 1988; 
Lu et al. 1996; McCarthy et al. 1993), while the same hormone displayed an op- 
posite effect in adult bovine cells through the activation of PKC (Rossier et al. 
1995). Moreover, T channels could also be positively controlled by Ang Il-stimu- 
lated calmodulin-dependent kinase II (CaMKII) (Fern et al. 1995; Lu et al. 
1994). 

Given the essential role played by T channels in aldosterone secretion, a com- 
plex modulation of their activity probably allows the integration of several sig- 
nals generated by Ang II and other modulators to finely tune steroidogenesis in 
glomerulosa cells. 

A negative L channel modulation has also been described upon stimulation 
by Ang II. This effect of the hormone appears to be mediated by a pertussis tox- 
in-sensitive Go protein (Maturana et al. 1999b; Rossier et al. 1998a) and does 
not involve PKC or tyrosine kinases (Maturana et al. 1999a). This action of Ang 
II could explain the reduction by the hormone of the K^-induced cytosolic Ca^”^ 
signal (Balia et al. 1991; Capponi et al. 1987; Aptel et al. 1996; Maturana et al. 
1999b). 

Store-Operated Channels. The lower sensitivity to dihydropyridines of the ste- 
roidogenic response to Ang II as compared to the response to potassium (Kojima 
et al. 1984b), as well as the different pharmacological profiles of the ^^Ca^"^ influx 
induced by each agonist (Kramer 1993; Spat et al. 1989), suggested early that 
the hormone can mobilize calcium from additional sources to exert its effect on 
aldosterone production. A voltage-independent influx of calcium, called capaci- 
tative influx (Putney and McKay 1999), is also induced in adrenal glomerulosa 
cells by Ang II (Ambroz and Catt 1992). This influx involves particular channels, 
the store-operated calcium channels (SOCs), that are activated, probably 
through conformational coupling (Irvine 1990; Putney 1999), upon intracellular 
store emptying by inositol 1,4,5-trisphosphate (Ins(l,4,5)P3-mediated) or by 
SERCA pump-inhibiting agents such as thapsigargin. 

A portion of the steroidogenic response to Ang II is clearly dependent on this 
capacitative influx (Bur nay et al. 1994; Rohacs et al. 1994). Thapsigargin, which 
mobilizes Ca^”^ from a pool largely coincident with the pool sensitive to Ang II 
(Ely et al. 1991), exerts in itself only a weak activation of aldosterone produc- 
tion, but markedly potentiates the response to VOC activation by potassium 
(Hajnoczky et al. 1991). 

Tyrosine kinase inhibitors reduce both thapsigargin and Ang Il-evoked Ca^^ 
capacitative influx and steroidogenesis, suggesting that these kinases are re- 
quired for a maximal stimulation of the influx (Aptel et al. 1999). Even though 
SOC isoforms are expressed in most of the cell types and their characterization 
at the molecular levels, as well as their tissue distribution are actively investigat- 
ed at the present time, no information concerning their specific isoform expres- 
sion in adrenal glomerulosa cells is available at this time. 
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Functional Specificity of Calcium Channels and Signal Confinement. The pres- 
ence in glomerulosa cells of multiple types of calcium channels that are simulta- 
neously activated upon Ang II challenge could a priori appear as a redundancy 
of the entry pathways, but specific functions have been attributed for each 
channel (Rossier 1997). Indeed, specific roles for T- and L-type channels with 
respect to aldosterone biosynthesis were first proposed by Barrett et al. (Barrett 
et al. 1995), who observed that selective inhibition of L channels with omega- 
Aga IIIA toxin led to a potentiation instead of an inhibition of aldosterone pro- 
duction. Similarly, it has been shown that dihydropyridines such as nifedipine 
exert an inhibitory action on aldosterone only when employed at concentrations 
equivalent to those required for blocking T channel activity. In contrast, lower 
concentrations of drugs showing L channel selectivity were stimulatory in terms 
of steroidogenesis (Rossier et al. 1996b). Because the cytosolic response to 
K'^ was exclusively dependent on L channel activity, it was proposed that the ste- 
roidogenic Ca^'^ entering through T channels is conveyed to its relevant orga- 
nelle, the mitochondrion, through a sort of intracellular Ca^"^ pipeline (Rossier 
1997). 

The role of Ca^^ influx through L-type channels is still unclear. Because Ca^^ 
entering the cell through these channels is clearly detected in the cytosol, it 
could be responsible for the stimulation of various Ca^'^-sensitive enzymes, such 
as kinases, phosphatases or proteases, that are present in this compartment of 
the cell during periods of stimulation (hours to days), where genomic induction 
of steroidogenic enzymes could be required. Moreover, it is noteworthy that se- 
lective inhibition of these channels influences the peak of cytosolic Ca^^ result- 
ing from the Insl,4,5P3-mediated Ca^^ release from the stores (Spat et al. 1996), 
as well as the frequency of Ang Il-induced Ca^"^ oscillations in single glomeru- 
losa cells (Rossier and Capponi 2002; Rossig et al. 1996). These results therefore 
suggest that a part of the calcium coming from L channels could be used to refill 
intracellular pools after Ca^"^ release into the cytosol. 

Whereas the primary function attributed to the capacitative Ca^'^ influx 
through the SOC is to refill intracellular stores, additional specific functions 
have been proposed. Indeed, in bovine glomerulosa cells, Ang II potentiates, in 
a Ca^'^-dependent manner, ACTH-induced cAMP production (Baukal et al. 
1994) and it has been demonstrated that this effect is mediated by SOCs but not 
VOCs (Burnay et al. 1998). 

These few examples demonstrate that, as in other cell types and due to its 
poor diffusion in the cytosol, Ca^"^ signaling in adrenal glomerulosa cells is 
highly compartmentalized and specific functions, linked to the presence of spe- 
cific proteins in the channel microenvironment, can therefore be attributed to 
the various types of Ca^^ channels expressed in these cells (Rossier 1997). 
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2 . 2.2 

Calcium Release 

Angiotensin II has been shown early to stimulate efflux from adrenal 

glomerulosa cells (Elliott et al. 1985; Foster and Rasmussen 1983; Kojima et al. 
1985a), indicating that the hormone is able to mobilize Ca^"^ from intracellular 
stores, as well as activate an influx into the cell (Catt et al. 1987). Since the dis- 
covery by Michael Berridge of the role played by Ins(l,4,5)P3 in this process 
(Berridge and Irvine 1984), the metabolism of this intracellular messenger in re- 
sponse to Ang II has been extensively studied in adrenal glomerulosa cells. 

Generation and Metabolism of Ins(ly4y5)P3. Angiotensin accelerated phosphati- 
dyl inositol turnover in bovine glomerulosa cells in proportion to hormone dose 
(Elliott et al. 1982). Because several drugs inhibiting the aldosterone response to 
the hormone did not affect phosphatidyl inositol metabolism, it was proposed 
that this event should occur relatively early in the response to Ang II. The 
hydrolysis of phosphatidyl inositol 4,5-bisphosphate, induced by Ang Il-activat- 
ed phosphoinositide-specific phospholipase C (PEG), leads to the formation 
of Ins(l,4,5)P3 and diacylglycerol rich in arachidonic acid (Balia et al. 1986; 
Capponi et al. 1986b; Farese et al. 1984; Foster et al. 1990; Hunyady et al. 1990; 
Kojima et all 984a; Rossier et al. 1988; Whitley et al. 1987), is pertussis toxin-in- 
sensitive (Baukal et al. 1988; Kojima et al. 1986a) and is well correlated with the 
steroidogenic response to the hormone (Boulay et al. 1990; Rossier et al. 1988). 
The availability of the inositol phospholipid pool could be regulated by a wort- 
mannin-sensitive phosphatidylinositol 4-kinase in glomerulosa cells (Nakanishi 
et al. 1994; Nakanishi et al. 1995). 

The Ca^”^ requirement for this process has been investigated by several groups. 
While PEG activation appeared Ga^’^-dependent in some instances (Foster et al. 
1990), opposite results have been also reported (Enyedi et al. 1985; Farese et al. 
1984; Kojima et al.l984a). In fact, a biphasic production of Ins(l,4,5)P3 has been 
shown to occur during stimulation with Ang II and the first, rapid peak, which is 
Ga^"^-independent, would allow an initial release of Ga^"^ from the stores that 
would serve as a priming signal before a later Ga^'^-dependent elevation of 
Ins(l,4,5)P3 (Balia et al. 1989; Balia et al. 1994; Woodcock et al. 1988). 

Interestingly, while the phosphoinositide turnover elicited by Ang II, vaso- 
pressin and endothelin is very similar and probably involves the same pool of 
lipids, only Ang II can maintain a large and sustained aldosterone production, 
suggesting that additional steroidogenic mechanisms are activated by Ang II, 
which are absent when cells are stimulated with the two other agonists (Enyedi 
et al. 1988; Woodcock et al. 1990a, 1990b). 

Analysis by HPEG of the inositol phosphates produced upon Ang II stimula- 
tion then revealed the presence of various InsP 3 isomers, as well as of higher 
phosphorylated forms of inositol (tetrakis- and pentakisphosphate) (Balia et al. 
1986; Balia et al. 1987; Baukal et al. 1988; Rossier et al. 1988). These metabolites 
of Ins(l,4,5)P3 increased in glomerulosa cells with distinct kinetics, suggesting 
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their sequential interconversion (Balia et al. 1987; Rossier et al. 1986). Moreover, 
some of the enzymes involved in Ins(l,4,5)P3 metabolism are regulated by Ca^"^ 
itself, therefore providing a mechanism for a rapid feedback control on messen- 
ger levels (Balia et al. 1988; Rossier et al. 1986). 

Inositol ly4y5-Trisphosphate-lnduced Release of Calcium from Intracellular Stores. 
Permeabilized glomerulosa cells have been used to demonstrate the ability of 
Ins(l,4,5)P3 to release calcium from intracellular stores (Kojima et al. 1984a; 
Rossier et al. 1987), while binding assays revealed the presence of specific recep- 
tors for Ins(l,4,5)P3 in these cells (Baukal et al. 1985; Guillemette et al. 1987; 
Poitras et al. 1993). Receptor characterization showed similar properties as 
those of receptors purified from other sources (Guillemette et al. 1990). The dis- 
crepancy between the apparent affinity of the receptor for its ligand and Ca^"^ 
release efficiency of Ins(l,4,5)P3 was explained by the complex regulation of re- 
ceptor activation by cytosolic and intraluminal Ca^"^ and by various other mod- 
ulators (Guillemette and Segui 1988; Rib eiro-do- Valle et al. 1994). The three 
subtypes of Ins(l,4,5)P3 receptors are expressed at different levels in rat (Enyedi 
et al.l994) and bovine (Poitras et al. 2000) glomerulosa cells, type 1 being pre- 
dominantly present in each species. 

The precise subcellular localization of the Ins(l,4,5)P3 receptors has not been 
defined yet, but the Ins(l,4,5)P3 binding sites have been shown to be distinct 
from the endoplasmic reticulum membranes, at least when the distribution of 
classic biochemical markers are compared (Rossier et al. 1989), suggesting the 
presence in glomerulosa cells of specialized organelles such as calciosomes for 
storing intracellular Ca^^ (Rossier and Putney 1991). 

Whereas the role of Ins(l,4,5)P3 in Ca^"^ release from intracellular stores in 
glomerulosa cells has been clearly demonstrated, the function of the numerous 
other Ins(l,4,5)P3 metabolites such as inositol tetrakisphosphates or inositol 
trisphosphate isomers, remains to be defined. 

Cytosolic Calcium Oscillations. Measurement of cytosolic Ca^"^ fluctuations at 
the single cell level revealed the oscillatory nature of the response to Ang II 
(Quinn et al. 1988; Johnson et al. 1989; Rossig et al. 1996). In spite of the strong 
dependence on extracellular calcium availability for the maintenance of Ca^"^ os- 
cillations, this process appears to primarily involve the regulation of Ca^"^ re- 
lease by Ins(l,4,5)P3 (Rossier and Capponi 2002). Indeed, glomerulosa cells have 
no action potentials that could be responsible for transient openings of the volt- 
age-operated channels embedded in the plasma membrane, potassium is unable 
to elicit Ca^"^ oscillations, and, most importantly, thapsigargin-induced inhibi- 
tion of SERCA pumps or prevention of Ins(l,4,5)P3 receptor modulation by 
Ca^^-dependent enzymes both abolish the oscillatory pattern of the Ca^"^ signal. 
As previously mentioned, inhibition of voltage-operated channels, as well as 
changing the Ca^'^ concentration in the medium, directly affects the frequency 
of the Ca^'^ peaks, but not their amplitude. Globally, these data strongly suggest 
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that influx is required for replenishing the stores and that the rate of this 
process controls the delay to the next pulse of release. 

The role of calcium oscillations in the control of steroidogenesis is still poorly 
understood, but their transient nature and their possible frequency modulation 
are considered to allow a differential activation of the various Ca^'^-sensitive ef- 
fectors in the cell without inducing the toxic effects related to a sustained intra- 
cellular elevation of the cation. Since in glomerulosa cells, a part of this calcium 
is transferred into the mitochondria, where it can exert its steroidogenic action 
(see Sect. 2.2. 3.2), one may speculate that mitochondrial calcium could display 
similar oscillatory patterns, preventing a sustained rise in the organelle that 
could result in cell apoptosis. 



2.2.3 

Calcium Effectors 

Calcium-Sensitive Protein Kinases and Phosphatases. Adrenal glomerulosa cells 
have been shown to contain the Ca^^- activated, phospholipid-dependent protein 
kinase C (PKC) (Kojima et al. 1984a). While PKC is effectively activated by Ca^'^, 
and therefore can be considered as a target for this messenger, Ang II primarily 
affects kinase activity through the production of diacylglycerol (Nishizuka 
1984). Indeed, although direct activation of the enzyme with high Ca^'^ concen- 
trations has been reported in some systems, DAG is generally required for sen- 
sitizing PKC to more physiological Ca^"^ fluctuations. For example, PKC translo- 
cation from the cytosol to the membranes in bovine adrenal glomerulosa cells, 
an indirect index of PKC activation, was achieved with Ang II, but not with po- 
tassium, in spite of the stronger Ca^”^ response elicited by the latter (Lang and 
Vallotton 1987). Because of the complex activation of PKC by Ang II, its modu- 
lation and function in steroidogenesis will be discussed in detail later. 

Calmodulin, a classic effector of cellular calcium, is present in glomerulosa 
cells (Koletsky et al. 1983), and a number of calmodulin inhibitors have been 
shown to inhibit aldosterone secretion induced by Ang II (Balia and Spat 1982; 
Ganguly et al. 1992; Ganguly and Waldron 1994; Wilson et al. 1984) or by Ca^^ 
itself (Capponi et al. 1988). Interestingly, in the guinea pig adrenal cortex, a 
higher activity of calmodulin-dependent protein kinase (CaMK) has been re- 
ported in the zona glomerulosa as compared to the inner cortex (Kubo and 
Strott 1988) and substrates were identified in rat cells (Kigoshi et al. 1988). More 
recently, the role of the type II CaMK (CaMKII) in the aldosterone response to 
Ang II has been evaluated with specific inhibitors (Clyne et al. 1995; Ganguly et 
al. 1995; Pezzi et al. 1996). In the human adrenocortical cell line H295R, the spe- 
cific inhibition by KN93 of the acute aldosterone response to Ang II and K"^, but 
not of the response to addition of 22R-hydroxy-cholesterol (used as a Ca^'^-inde- 
pendent substrate for steroidogenesis), suggests that CaMKII may be involved 
in the control of cholesterol mobilization to the mitochondria. 

As previously mentioned, the positive modulation of T-type Ca^"^ channels by 
CaMKII in glomerulosa cells or heterologous systems (Barrett et al. 2000; Lu et 
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al. 1994; Wolfe et al. 2002) reveals a short positive feedback loop in calcium sig- 
naling. 

Calmodulin-dependent kinases are apparently also involved in a more sus- 
tained stimulation of glomerulosa cells. Indeed, the Ca^'^-regulated expression 
of aldosterone synthase is calmodulin- dependent (Pezzi et al. 1997) and requires 
the activation of the CaMKI isoform, as shown by its overexpression in H295R 
cells, or the expression of constitutively active forms of the enzyme (Condon et 
al. 2002). 

Much less is known about the role of the calmodulin-dependent protein 
phosphatase, calcineurin, on glomerulosa cell function. Nevertheless, this en- 
zyme has been proposed to be involved in the potentiation of agonist-stimulated 
cAMP formation by Ang II in bovine glomerulosa cells (Baukal et al. 1994) and 
to negatively modulate the activity of the Ins(l,4,5)P3 receptor, probably by 
reversing the activation of the receptor by PKC-mediated phosphorylation 
(Poirier et al. 2001). Interestingly, maintaining a high phosphorylation state of 
the Ins(l,4,5)P3 receptor by blocking calcineurin with FK506 blocks Ang Il-in- 
duced cytosolic Ca^"^ oscillations that are replaced by a plateau level of high 
Ca2+. 

Mitochondrial Calcium Homeostasis. The rate-limiting step of steroid synthesis 
is the conversion of cholesterol to pregnenolone, an early step of steroidogenesis 
that occurs within the mitochondria and can be directly stimulated by increas- 
ing cytosolic Ca^'*' levels within physiological ranges (Python et al. 1995). The 
demonstration that preventing Ca^^ influx into the mitochondrial matrix 
through the ruthenium-sensitive uniporter inhibits aldosterone production in- 
duced in permeabilized bovine glomerulosa cells by rising ambient calcium 
strongly supported a crucial role for intramitochondrial calcium in the control 
of steroidogenesis (Capponi et al. 1988). The same permeabilized cell model was 
also used to show that calcium homeostasis in mitochondria is directly depen- 
dent on the cytosolic Ca^'^ and Na'^ concentrations, mitochondrial Ca^'^ influx 
increasing in parallel with cytosolic Ca^^ and mitochondrial efflux increasing in 
parallel with cytosolic Na'^ (Rossier et al. 1987). Importantly, above a given cyto- 
solic Ca^'^ concentration ([Ca^'^lc), defined as the mitochondrial set-point, influx 
largely exceed efflux and large amounts of Ca^"^ accumulated within the orga- 
nelle. This is reflected by a large amplification of the mitochondrial signal 
as compared to the cytosolic response, particularly when elicited upon Ang 
Il-induced release from intracellular stores (Brandenburger et al. 1996). 
Moreover, blocking Ca^'^ extrusion from the mitochondria with a specific inhib- 
itor of the mitochondrial Na^/Ca^"^ exchanger has been shown to result in in- 
creased mitochondrial Ca^^ levels and increased steroid production (Branden- 
burger et al. 1996). 

The higher mitochondrial Ca^"^ response to Ang II than to extracellular potas- 
sium, as well as the presence of many contacts between the endoplasmic reticu- 
lum and the outer mitochondrial membrane in glomerulosa cells (Branden- 
burger et al. 1999) led to the hypothesis that, as in other cell types (Rizzuto et 
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al. 1993), is released by lns(l,4,5)P3 in proximity of the mitochondria and 
could even be transferred into the organelle in a quasi-synaptic manner. 

Whereas it is clear that a rise in Ca^'^ in the mitochondrial matrix is sufficient 
for increasing cholesterol supply to the P450 side chain cleavage (P450scc) en- 
zyme (Cherradi et al. 1996, 1997b) and therefore for stimulating steroidogenesis, 
its molecular mode of action in the organelle is still poorly understood (Rossier 
et al. 1996a). High concentrations of the cation are able to activate the perme- 
ability transition pore, but this extreme situation leads to cell apoptosis and is 
probably not the mechanism of activation of steroidogenesis. A swelling of mi- 
tochondria is generally associated with a sustained load of into the orga- 
nelle, possibly as a consequence of modulation of ionic conductances in the in- 
ner membrane. This swelling has been postulated to increase the number of 
contact sites between the inner and the outer mitochondrial membranes, there- 
fore favoring the transfer of cholesterol to the P450scc enzyme. 

Side chain cleavage of cholesterol requires NADPH, which is formed by re- 
duction of NADP at the expense of NADH. The formation of reduced pyridine 
nucleotides has been examined in rat glomerulosa cells and was shown to be 
correlated to, and dependent on Ca^^ signaling upon stimulation with Ang II 
(Pralong et al. 1994; Rohacs et al. 1997a, 1997b). Although increased NADPH 
production in the mitochondria probably contributes to the control of steroido- 
genesis by Ang II, it is unlikely that this process is strictly rate limiting, because 
addition of hydroxylated cholesterol derivatives, which freely cross the mito- 
chondrial intermembrane space, results in pregnenolone formation in a calci- 
um-independent manner (Python et al. 1995). 



2.2.4 

Calcium Extrusion 

After Ca^'^ mobilization from intracellular Ca^'^ stores or from the extracellular 
medium and activation of the various Ca^'*^- sensitive targets in the cell, Ca^"^ sig- 
naling is terminated by its extrusion out of the cytosol. This process is achieved 
either by pumping back into the stores, essentially through a thapsigargin- 
sensitive SERCA pump, or outside the cell. The first mechanism is apparently 
required during the decreasing phase of Ca^^ oscillations, because thapsigargin 
abolishes these fluctuations (Rossier and Capponi 2002; Rossig et al. 1996). Cal- 
cium extrusion out of the cell has been first shown by measuring efflux 

upon Ang II stimulation (Elliott et al. 1985; Foster and Rasmussen 1983; Kojima 
et al.l985a), but its apparent activation by the hormone essentially reflected 
Ang II action on Ca^"^ release from the stores and the activation of plasma mem- 
brane Ca^'^ pumping activity by the resulting rise in cytosolic Ca^'^ concentra- 
tion. In fact, it has been recently demonstrated that Ca^"^ extrusion after 
Ins(l,4,5)P3-mediated Ca^^ release principally occurs through the plasma mem- 
brane Na'^/Ca^'^ exchanger, and that this process is inhibited (rather than acti- 
vated) by Ang II in a P38 MAPK-dependent manner (Startchik et al. 2002). Pre- 
venting this control of Ca^^ extrusion by Ang II resulted in a parallel decrease in 
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the Ca^'^ signal and in aldosterone production. It was therefore suggested that 
Ang II, in addition to activating Ca^^ entry into the cytosol of glomerulosa cells, 
also reduces its extrusion in order to prevent the establishment of futile cycles 
of Ca^'^ across the plasma membrane and thus to optimize the intracellular Ca^'*^ 
signal. 



2.3 

Kinase Activation and Lipid Metabolism 



2.3.1 

Protein Kinase C 

Activation. Diacylglycerol (DAG) is produced parallel to Ins(l,4,5)P3 upon acti- 
vation of PLC by Ang II (Hunyady et al. 1990; Kojima et al. 1986b), and therefore 
the combination of diacylglycerol and cytosolic Ca^"^ elevation leads to the acti- 
vation of PKC (Rasmussen et al. 1995). A biphasic response to Ang II was ob- 
served in bovine glomerulosa cells, with a second rise in DAG being less depen- 
dent on extracellular calcium than Ins(l,4,5)P3 production (Hunyady et al. 
1990). This observation therefore suggests that upon sustained stimulation, a 
major part of DAG is derived from sources other than phosphoinositides (Bollag 
et al. 1990). It has been proposed that the different fatty acid composition of the 
DAG produced from various sources could result in differential activation of 
PKC. For example, sn-1,2 dioctanoylglycerol (DiC8) mimics the effect of Ang II 
on aldosterone production and potassium permeability in bovine glomerulosa 
cells (Lobo et al. 1990), but not sn-1,2 oleoylacetylglycerol (OAG) or phorbol es- 
ters (Lobo and Marusic 1991), suggesting that DiC8 and OAG could affect dis- 
tinct PKC isoenzymes or even PKC-independent pathways. Indeed, the family of 
PKCs consists of various isoenzymes with similar but not identical activation 
characteristics and substrate specificity. Both alpha and epsilon PKC isoforms 
have been detected in rat glomerulosa cells (Natarajan et al.l994), while zeta is 
also present in some species such as hamster and in the human H295R cell line 
(LeHoux et al. 2001). The classic and new isoforms (alpha and epsilon) are acti- 
vated by DAG, whereas the atypical zeta isoform has been shown to be regulated 
by the PI3 kinase-derived PtdIns(3,4,5)P3. The lipoxygenase products, 12- or 
15-HETE also caused a marked increase in PKC activity, predominantly by acti- 
vation of the epsilon isoform. 

Activation of the enzyme can be assessed by measuring specific substrate 
phosphorylation or enzyme translocation from the cytosol to the mem- 
brane fraction. The latter effect has been shown to occur upon stimulation of 
glomerulosa cells with Ang II (but not K"^) and to be Ca^'^-dependent (Lang and 
Vallotton 1987; Farago et al. 1988). One report also suggests that Ang Il-stimu- 
lated PKC translocation requires ATi receptor internalization, but Ins(l,4,5)P3 
formation (and aldosterone production) is insensitive to receptor retention in 
the plasma membrane (Kapas et al. 1994). 




Angiotensin and Aldosterone Biosynthesis 301 



Substrates and Function. The temporal pattern of protein phosphorylation has 
been analyzed in bovine glomerulosa cells upon stimulation with Ang II or 
PMA, in order to identify specific PKC substrates, and compared to the kinetics 
of aldosterone secretion (Barrett et al. 1986). Interestingly, PMA activation of 
protein phosphorylation required a concomitant elevation of Ca^”^ induced by 
an ionophore, even though in other studies, PMA alone was sufficient to induce 
PKC translocation to the membrane. At least 12 cytosolic proteins have been 
then identified as PKC substrates in rat glomerulosa cells (Kigoshi et al. 1988). 
More recently, a synthetic peptide that is a specific substrate for PKC has been 
shown to be phosphorylated within 30 min of stimulation with Ang II. Phos- 
phorylation rapidly ceased upon Ca^"^ entry blockade with dihydropyridines or 
upon inhibition of PKC, demonstrating a critical role of Ca^”^ entry in the regu- 
lation of PKC activity by Ang II (Kojima et al. 1994). 

Although both activation of PKC (with phorbol esters) and of Ca^'^-depen- 
dent mechanisms (elicited with a calcium ionophore) were proposed early on to 
be both required at specific times for an optimal stimulation of aldosterone pro- 
duction (Kojima et al. 1984a), the role of PKC in glomerulosa cell steroidogene- 
sis has been particularly controversial. Indeed, PKC activation with phorbol es- 
ters induced an inhibition of aldosterone production elicited by various ago- 
nists, including Ang II, in rat and bovine glomerulosa cells, while pretreatment 
of the enzyme with inhibitors enhanced the steroidogenic response, demon- 
strating that PKC activation in these cells exerts a negative feed back control 
on aldosterone (Aptel et al. 1996; Capponi et al. 1989; Hajnoczky et al. 1992b; 
Kojima et al. 1986b; Lang et al. 1991). This was supported by the observation 
that pharmacological stimulation of PKC inhibits Ang Il-induced activation of 
PLC (Kojima et al. 1986b) and T-type Ca^"^ channel activity (Rossier et al. 1995), 
two PKC actions leading to reduction of important sources of steroidogenic cal- 
cium. PKC stimulation also reduces the activity of the aldosterone synthase pro- 
moter (LeHoux et al. 2001), suggesting acute as well as long-term negative ef- 
fects of PKC on aldosterone steroidogenesis. In addition, down-regulation of 
PKC activity by extended exposure of rat glomerulosa cells to phorbol esters did 
not impair Ang Il-stimulated aldosterone secretion (Nakano et al. 1990), or even 
enhanced the stimulatory effect of the hormone (Hajnoczky et al. 1992b), show- 
ing that PKC activation is not an absolute requisite for Ang II cell signaling. 

Nevertheless, a positive action of PKC has also been observed (Bodart et al. 
1995; Ganguly and Waldron 1994; Kapas et al. 1995), apparently on the late steps 
of aldosterone biosynthesis (Vinson et al. 1989). 

Conflicting conclusions on the role of PKCs in the control of aldosterone pro- 
duction by Ang II probably result from the complexity of the signaling involving 
these enzymes or from the ability of the commonly used pharmacological agents 
to mimic or prevent Ang II stimulation of PKCs, for example in terms of kinet- 
ics. Finally, it should be remembered that the various PKC isoforms expressed 
in glomerulosa cells (Natarajan et al. 1994) and their specific substrates may 
modulate a variety of cellular functions that are not yet completely clarified 
(Ganguly and Davis 1994). 
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2.3.2 

Mitogen-Activated Protein Kinases 

Mitogen-activated protein kinases (MAPKs) are a family of ubiquitous and 
highly conserved serine-threonine protein kinases activated by diverse stimuli, 
including Ang II (Widmann et al. 1999). Mammalian MAPKs have been classi- 
fied into three groups, which differ in their activation pathway: the MAPK extra- 
cellular signal-regulated kinase (ERK or p42/44 MAPK), the MAPK c-Jun N-ter- 
minal kinase (JNK) and the p38 MAPK. Angiotensin II, through its ATi recep- 
tor, has been shown to activate some of these kinases in various cell types and 
to exert its control on cell proliferation via this mechanism. We will now discuss 
specifically the effect of these kinases on aldosterone production (see Fig. 2). 
Activation. Angiotensin II stimulates ERK in bovine and rat glomerulosa cells 
(McNeill et al. 1998; Tian et al. 1998). In the rat adrenal, the enzyme is essential- 
ly expressed in the zona glomerulosa and the medulla. Upon stimulation with 



Angll 




Fig. 2 Angiotensin ll-induced signaling through kinases and lipases. Putative involvement of kinases 
and lipases in angiotensin ll-induced aldosterone biosynthesis in adrenal glomerulosa cells. The abbre- 
viations used are the same as in Fig. 1. PKC-a, -e, -f, protein kinase C of the a-, e-, and f-isoform; PLD, 
phospholipase D; PA, phosphatidic acid; PLA 2 , phospholipase A 2 ; AA, arachidonic acid; 12-LO, 12-lipoxy- 
genase; 12-HETE, 12-hydroxyeicosatetraenoic acid; PKA, cAMP-dependent protein kinase; src, Src kinase; 
StAR, steroidogenic acute regulatory protein; CYP17, CYP11B1, CYP21, genes coding for cytochrome 
P450 enzymes 17-hydroxylase, 11 -hydroxylase, and 21 -hydroxylase; SPHSD, gene coding for 3y0-hy- 
droxysteroid dehydrogenase; NO, nitric oxide; ras, small ras G protein; PI3K, phosphatidylinositol 3-ki- 
nase; PIP 3 , phosphatidylinositol 3,4,5-trisphosphate; raf- 1 , raf-1 kinase; prot, various phosphorylated 
proteins; CaMK, CaM-dependent protein kinase; P42/44, p42/44 mitogen-activated protein kinase {ERK) 
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Ang II, the activity in glomerulosa cells is redistributed from the cytosol to the 
nucleus. Although neither Ca^^ influx nor Ca^'^ release was sufficient for activat- 
ing MAPK in bovine cells, Ca^"^ appeared to play a permissive role in the re- 
sponse to Ang II (Tian et al. 1998). In the same study, it was demonstrated that 
ras and raf- 1 kinase, two classic activators of the MAPK pathway, were stimulat- 
ed by Ang II with time courses that correlated with that of MAPK activation, but 
pharmacological activation of PKC was sufficient to activate both MAPK and 
raf-1. It therefore appears that Ang II stimulates multiple pathways to MAPK ac- 
tivation in bovine glomerulosa cells via PKC and ras/raf-1 kinase. The PKC-in- 
dependent pathway leading to raf- 1 kinase activation was then shown to involve 
a pertussis toxin-sensitive G protein, phosphatidylinositol 3-kinase and ras, in 
addition to being negatively modulated by Ca^"^ (Smith et al. 1999). Interesting- 
ly, MAPK basal activity was modulated in rat glomerulosa cells by low- or high- 
sodium diets in parallel to ATi receptors (McNeill and Vinson 2000). 

In contrast, the activation of the p38 MAPK by Ang II in glomerulosa cells is 
poorly documented. Nevertheless, it has been recently reported that Ang II leads 
to a rapid activation of p38 MAPK in bovine glomerulosa cells and that this 
response is partially prevented by caffeine (Startchik et al. 2002). A similar effect 
of Ang II was previously observed in H295R cells, in which kinase activation 
by the hormone was proposed to be mediated by the lipoxygenase product, 
12-HETE (Gu et al. 2003). In the same study, no activation of JNK by Ang II was 
observed. 

Steroidogenic Function. Activation of MAPK is primarily linked to cell prolifera- 
tion and growth-promoting effects of Ang II on bovine adrenocortical cells, pre- 
viously attributed to 1 2-lipoxygenase and PKC (Natarajan et al. 1992) are proba- 
bly mediated by MAPKs. In contrast, a direct function of these kinases on aldo- 
sterone biosynthesis is still unclear. While p42/44 MAPK inhibition with the 
PD098059 compound was reported not to affect aldosterone production induced 
by Ang II in rat glomerulosa cells (Cote et al. 1998) or in H295R cells (Yang et 
al. 1999), the same treatment reduced StAR expression and aldosterone produc- 
tion in Ang Il-stimulated bovine cells (Osman et al. 2002). Moreover, transfec- 
tion of newborn rat adrenal glands with a plasmid containing the EJ-Ha-ras on- 
cogene not only led to a proliferative cell line, but these cells produced high lev- 
els of aldosterone when supplied with corticosterone and deoxycorticosterone 
in the presence of Ang II (Maume et al. 1991). On the other hand, MAPK is 
known to stimulate nitric oxide (NO) production in many cell types, an agent 
that inhibits steroidogenesis by binding to the heme group of P450 enzymes, 
particularly the P450 side chain cleavage and aldosterone synthase enzymes 
(Peterson et al. 2001). Further studies are clearly required to determine whether 
activation of p42/44 MAPK by Ang II is a mean to control acute and/or chronic 
aldosterone production. 

In contrast, p38 MAPK inhibition has been clearly shown to reduce aldoster- 
one secretion evoked by Ang II (Gu et al. 2003) and it has been recently suggest- 
ed that the permissive kinase action could be exerted through the optimization 
of the Ca^"^ signal evoked by the hormone (Startchik et al. 2002). 
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2.3.3 

Protein Kinase A 

Classically, Ang II has been considered as negatively linked to cAMP production 
and protein kinase A (PKA) activation in adrenal glomerulosa cells. Indeed, in- 
hibition of the adenylyl cyclase activity through a Gi protein has been reported 
in rat adrenal glomerulosa cells (Hausdorff et al. 1987; Woodcock and Johnston 
1984). However, as previously mentioned, in bovine cells, Ang II was found to 
significantly increase cAMP production in response to ACTH (Baukal et al. 
1994; Burnay et al. 1994), and, at least in these cells, cAMP can therefore be con- 
sidered as a contributor to Ang Il-induced steroidogenesis. The role of cAMP 
and PKA activation in the steroidogenic response to ACTH has been extensively 
studied. For example, activation of this signaling pathway with forskolin or 
cAMP analogs stimulates the expression of the steroidogenic acute regulatory 
(StAR) protein and various steroidogenic enzymes. In H295R cells, the role of 
PKA on the various enzymes has been compared to that of PKC and CaMK (Bird 
et al. 1998a, 1998b). While PKA induces the expression of all the enzymes tested 
except aldosterone synthase (CYPB11B2), the latter was specifically activated by 
CaMK, and PKC enhanced the expression of the 3/3HSD and CYP21 enzyme 
while repressing CYP17 and CYPllBl. This differential regulation of enzyme 
subsets by each kinase probably reflects mechanisms involved in adrenal cortex 
development and zonation. Indeed, CaMK and PKC, essentially expressed and 
activated in the zona glomerulosa, lead to mineralocorticoid synthesis, while 
PKA, primarily activated by ACTH throughout the cortex, may have a more gen- 
eral action on steroidogenesis and favor glucocorticoid production in cells dis- 
playing low PKC and CaMK activity. 



2.3.4 

Tyrosine Kinases 

Stimulation of the ATi receptor may also trigger a variety of different tyro- 
sine kinases (TK) and stimulate the early gene response controlling cell growth 
(Bernstein and Berk 1993; Kapas et al. 1995; Marrero et al. 1995; Smith and 
Timmermans 1994). In bovine and rat glomerulosa cells, various TK inhibitors 
have been reported to reduce Ang Il-induced aldosterone secretion (Aptel et al. 
1999; Bodart et al. 1995; Kapas et al. 1995). In one report, however, tyrphostin- 
23, commonly used as an inhibitor of TKs, was shown to increase steroidogene- 
sis, but through a direct inhibition of the cAMP phosphodiesterase and there- 
fore an activation of the PKA-dependent pathway (Andreis et al. 2000). The neg- 
ative effect of TK inhibitors on steroidogenesis has been partially attributed to 
the permissive role played by some TKs in the activation of the capacitative 
Ca^"^ influx by Ang II (Aptel et al. 1999; Bodart et al.l995). However, a compari- 
son of the effect of various pharmacological drugs on the conversion of 11 -de- 
oxycorticosterone to aldosterone and the use of hydroxylated cholesterol as a 
substrate for steroidogenesis revealed that specific TKs could also be involved 
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in the regulation of the late steps of steroidogenesis (Aptel et al. 1999). In partic- 
ular, the src TK appears to be responsible for the inhibition of GYP 17 mRNA 
expression and therefore increases aldosterone formation by repressing alterna- 
tive steroidogenic pathways (Sirianni et al. 2001). 

Clearly, Ang II appears to activate several types of TKs in glomerulosa cells 
that will exert a global positive control at various steps of steroidogenesis, but 
further investigations are required to precisely identify which kinases are in- 
volved and to determine their specific action. 



2 . 3.5 

Phospholipases and Lipoxygenases 

In addition to the activation, through a Gq protein, of a phosphoinositide-specif- 
ic PLC responsible for the formation of Ins(l,4,5)P3 and DAG, Ang II also exerts 
its effects in glomerulosa cells through stimulation of additional phospholipases 
such as PLA2 and PLD, and it has long been recognized that DAG produced dur- 
ing sustained cell stimulation may be derived from other membrane lipids, such 
as phosphatidylcholine. The products of these lipases can then be further me- 
tabolized to produce additional cellular messengers involved in the regulation of 
multiple pathways. 

Whereas DAG can be produced directly by the action of PLC on phospho- 
lipids, this compound can also be generated by the combined activities of PLD 
and phosphatidic acid phosphohydrolase. Activation of PLD by Ang II has been 
shown in bovine glomerulosa cells, as well as the ability of exogenous enzyme 
to elicit DAG production and potentiate the steroidogenic response to calcium 
channel agonists (Bollag et al. 1990). In contrast to the response to carbachol, 
activation of the enzyme by Ang II was sustained in these cells (Jung et al. 1998) 
and appeared to involve PKC, but not Ca^'^ (Bollag et al. 2002). This possible 
mechanism has to be considered in relationship with the previously mentioned 
biphasic production of DAG in response to Ang II. Finally, interfering with 
PLD-generated signals inhibited Ang Il-induced aldosterone secretion but not 
that elicited by addition of hydroxycholesterol derivatives, which bypass the sig- 
naling pathways controlling early steps of steroidogenesis. 

Phospholipase A2 (PLA2) may produce arachidonic acid (AA), which, by it- 
self or through its many metabolites (Campbell et al. 1991), can modulate aldo- 
sterone production. Indeed, PLA2 inhibitors reduce aldosterone secretion, while 
exogenous PLA2 or addition of AA transiently activates steroidogenesis, appar- 
ently through modulation of the Ca^"^ signaling (Enyedi et al. 1981; Kojima et al. 
1985b). In the same studies, it was shown that cyclooxygenase inhibitors had no 
effect, while lipoxygenase inhibitors markedly reduced Ang Il-stimulated aldo- 
sterone secretion. 

Glomerulosa cells produce 12-hydroxyeicosatetraenoic acid (12-HETE), the 12- 
lipoxygenase product, in response to Ang II, but not upon stimulation with other 
agonists such as K'^ or ACTH (Gu et al. 1994; Nadler et al. 1987; Natarajan et al. 
1990). Although also present in glomerulosa cells, 15-HETE does not affect aldo- 
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sterone formation and is not increased by Ang II (Natarajan et al. 1988a). Arachi- 
donic acid used for this reaction has been shown to be essentially produced from 
DAG by the action of DAG lipase rather than by hydrolysis of phosphoinosites by 
PLA2 (Hunyady et al. 1985; Natarajan et al. 1990; Natarajan et al. 1988b). 

The action of lipoxygenase products has been partially elucidated and these 
compounds appear to modulate both PKC activity and the cellular calcium mes- 
senger system. Indeed, treatment of rat glomerulosa cells with 12- or 15-HETE 
caused a marked increase of PKC activity in the membrane fraction, predomi- 
nantly of the epsilon isoform (Natarajan et al. 1994). Adding 12-HETE (but not 
15-HETE) to these cells has also been recently shown to induce a concentration- 
dependent rise in cytosolic Ca^"^ levels that was sustained for several minutes 
and also observed in Ca^^-free medium, suggesting mobilization from intracel- 
lular stores (Stern et al. 1993). Moreover, a lipoxygenase blocker significantly re- 
duced Ang Il-induced Ca^'^ signaling in parallel to aldosterone production. This 
effect of 12-HETE on Ca^'^ could be explained by a modulation of Ca^"^ extrusion 
through the Na'^/Ca^'^ exchanger mediated by p38 MAPK, as recently proposed 
(Startchik et al. 2002). 

3 

Cholesterol Metabolism and Steroidogenesis 

Aldosterone is the final product of a cascade involving: 

1. Cholesterol ester supply to intracellular storage organelles 

2. Mobilization and hydrolysis of cholesterol esters 

3. Free cholesterol supply to the inner mitochondrial membrane 

4. Mitochondrial metabolism of cholesterol by tissue-specific enzymes 

Each of these steps constitutes a potential regulatory impact site for activa- 
tors of mineralocorticoid biosynthesis. We will next summarize the current state 
of knowledge on the regulation of the various steps leading from cholesterol to 
aldosterone. 



3.1 

Cholesterol Supply for Aldosterone Biosynthesis 

Three main mechanisms can contribute to cholesterol homeostasis in mam- 
malian somatic cells: 

1. Intracellular de novo cholesterol synthesis from acetyl coenzyme A 

2. Low-density lipoprotein (LDL)-mediated delivery of cholesterol esters 

3. Selective uptake of high density lipoprotein (HDL) cholesterol esters 

Depending on whether plasma cholesterol is carried mainly in LDL or HDL 
form, animal species are believed to derive their cholesterol for steroidogenesis 
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mainly through endocytosis via the LDL receptor (human) or through a nonen- 
docytic pathway involving HDL (rodents). 



3.1.1 

Endogenous Cholesterol Synthesis 

The rate-limiting enzyme in de novo cholesterol synthesis is hydroxymethylglu- 
taryl coenzyme A (HMG CoA) reductase, the enzyme that converts ^-hydroxy- 
^-methyglutaryl-CoA to mevalonic acid. In the adrenal cortex of various species, 
the expression and activity of this enzyme is powerfully regulated by ACTH 
(Balasubramaniam et al. 1977; Brody and Black 1991; Lehoux et al. 1989; Mason 
and Rainey 1987; Rainey et al. 1992). In the guinea pig, the aldosterone response 
to ACTH appears to depend essentially upon activation of de novo cholesterol 
synthesis (Brody and Black 1991). Interestingly, however, the activity of Acyl- 
CoAxholesterol acyltransferase (ACAT), the enzyme that esterifies cholesterol 
to fatty acids for storage in lipid droplets, is insensitive to ACTH in the outer 
zone of the guinea pig adrenal cortex (Brody and Black 1988), suggesting an al- 
most maximal activity of the enzyme in the basal state. Whether Ang II or K"^, 
which are even more important key players in the acute stimulation of aldoster- 
one production than ACTH, also modulate the activity of enzymes involved in 
de novo cholesterol biosynthesis, is unknown. 



3.1.2 

LDL Cholesterol and Aldosterone Synthesis 

LDL receptor activity (Kovanen et al. 1979), mRNA (Russell et al. 1983) and pro- 
tein (Kroon et al. 1984) were demonstrated in the bovine adrenal cortex almost 
2 decades ago. ACTH increases the levels of LDL receptor mRNA in the rat adre- 
nal but not in the hamster (Lehoux and Lefebvre 1991), and Ang II stimulates 
specific LDL binding in zona glomerulosa-rich primary cultures of bovine adre- 
nal cortical cells (Leitersdorf et al. 1985). 

In spite of this early recognition of the presence and regulation of LDL recep- 
tors in the adrenal cortex and, more specifically, in zona glomerulosa cells, con- 
troversial results have been produced with respect to the contribution of LDL 
cholesterol esters to aldosterone biosynthesis. Indeed, LDL was shown to in- 
crease both (Campbell 1982) and ACTH-induced (Nagy et al. 1984) aldoster- 
one production in the rat. In contrast, in bovine adrenocortical cells, conflicting 
data showed that LDL either had no effect on basal and stimulated aldosterone 
synthesis, thus not appearing to be the preferred source of cholesterol (Simpson 
et al. 1989), or increased the response to Ang II and ACTH (Leitersdorf et al. 
1985). In the latter work, Ang II treatment enhanced specific LDL binding and 
uptake, although there was preferential uptake of the cholesterol ester moiety, a 
process that would exclude LDL receptor-mediated endocytosis (Brown and 
Coldstein 1986). In other studies, it was found that exogenous LDL cholesterol 
is the main source of precursor for steroid biosynthesis in both human adult 
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and fetal adrenals and bovine adrenals (Higashijima et al. 1987). Finally, in the 
guinea pig, LDL enhanced steroid production, with the exception of aldosterone, 
to a greater extent in glomerulosa than in fasciculata cells. However, the aldo- 
sterone response to ACTH treatment was enhanced in the presence of LDL but 
the stimulation of LDL utilization was smaller compared to that observed in fas- 
ciculata cells (Black 1987). 

Therefore, although a potential involvement of LDL as a regulated source of 
cholesterol precursor for aldosterone biosynthesis in glomerulosa cells was re- 
ported several years ago, marked species differences and contradictory results 
have hampered the building of a coherent understanding of this process. 



3.1.3 

Selective Uptake of HDL Cholesterol Esters 

The recent discovery and identification of a specific, well-defined receptor for 
HDL, SR-BI (Acton et al. 1996; Rigotti et al. 1997; Williams et al. 1999), which 
promotes uptake of HDL cholesterol esters through a selective pathway that is 
distinct from LDL receptor-mediated endocytosis of LDL (Brown and Goldstein 
1986), has cast new light on the mechanisms of fuel supply to steroidogenic cells 
and could solve some of the above contradictions. SR-BI is expressed mainly in 
the liver and steroidogenic tissues, and it is particularly abundant in the adrenal 
cortex (Landschulz et al. 1996). The delivery of HDL cholesterol esters involves 
binding of the a-helical repeats of apolipoprotein A-I (apoA-I), the protein moi- 
ety of HDL, to SR-BI. SR-BI is a 57-kDa membrane protein (apparent molecular 
weight on gel, 82-86 kDa) possessing two transmembrane domains that flank a 
large extracellular loop (Williams et al. 1999). The interaction of apoA-I with 
this extracellular loop is thought to lead to the formation of a lipophilic channel 
through which cholesterol esters move down their concentration gradient to the 
plasma membrane (Williams et al. 1999). 

Thus, only the lipid content of HDL enters the cell through SR-BI, whereas 
the apoA-I-containing moiety is not internalized by endocytosis, as it is the case 
for LDL. This feature made it possible to develop a test for visualizing and im- 
aging the fate of HDL cholesterol esters. This elegant technique, which was first 
applied to ovarian granulosa cells (Reaven et al. 1996), involves reconstituting 
apoE-free HDL — to avoid potential recognition by LDL receptors — with a fluo- 
rescent cholesterol ester derivative, BODIPY-CE (4,4-difluoro-5,7-dimethyl-4- 
bora-3a,4a-diaza-S-indacene-3-dodecanoate cholesterol ester). Interestingly, 
this molecule cannot be hydrolyzed by neutral cholesterol ester hydrolases and 
therefore labels specifically cholesterol esters that are internalized through the 
selective uptake pathway and accumulate within lipid droplets (Reaven et al. 
1996). 

It was recognized soon after the discovery of SR-BI that the selective uptake 
of HDL cholesterol esters plays a major role in adrenal steroidogenesis, main- 
taining up to 90% of the supply of cholesterol destined for steroid biosynthesis 
in rodents. Thus, in apoA-I-deficient mice, both basal and stress-stimulated cor- 
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ticosteroid production are dramatically reduced (Plump et al. 1996). SR-BI is 
the major pathway for the delivery of HDL cholesterol to the adrenal steroido- 
genic machinery, as shown by the fact that an antibody directed against a seg- 
ment of the putative extracellular domain of mouse SR-BI prevents selective 
HDL cholesterol ester uptake in mouse adrenocortical cells (Temel et al. 1997). 
HDL cholesterol esters are taken up preferentially over other major HDL phos- 
pholipids in these same cells, via a nonaqueous pathway (Rodrigueza et al. 
1999). Moreover, adrenal SR-BI expression is regulated by ACTH in vivo in mice 
(Rigotti et al. 1996; Sun et al. 1999), in murine adrenocortical cell lines (Rigotti 
et al. 1996; Wang et al. 996), and by cAMP derivatives in human adrenocortical 
carcinoma NCI-H295 cells (Martin et al. 1999) In bovine zona glomerulosa and 
in human adrenocortical carcinoma NCI-H295R cells, Ang II selectively pro- 
motes cholesterol ester uptake from HDL through an increase in the expression 
of SR-BI (Cherradi et al. 2001; Capponi 2002). 



3.2 

Mobilization and Hydrolysis of Cholesterol Esters 

Adrenal glomerulosa cells, like most steroid hormone-producing cells, store fuel 
for steroidogenesis in the form of cholesterol esters within cytosolic lipid dro- 
plets (Toth et al. 1997). These contain a large core of neutral lipid covered by a 
phospholipid monolayer, which is in turn coated by a proteinaceous layer in- 
cluding, among others, lipid droplet-specific proteins called perilipins A, B and 
C (Greenberg et al. 1993; Lu et al. 2001). Perilipin expression is limited to steroi- 
dogenic cells and adipocytes; in the latter cell type, perilipin A has been shown 
to translocate (Clifford et al. 2000) and to modulate protein kinase A-mediated 
lipolysis (Souza et al. 2002). In adrenal cortical and Leydig cells, perilipins are 
associated with cholesteryl ester droplets (Servetnick et al. 1995). Activation of 
PKA causes detachment of perilipin from the lipid droplet surface (Fong et al. 
2002). Whereas perilipin ablation results in leanness and aberrant adipocyte 
lipolysis (Martinez-Botas et al. 2000; Tansey et al. 2001), little is known on the 
effects of perilipin knock-out on adrenal steroidogenesis. 

Hormonal stimulation of steroid-producing cells results in prompt mobiliza- 
tion of cholesterol esters from intracellular lipid droplets (Boyd et al. 1983; 
Vahouny et al. 1984). These cholesterol esters are hydrolyzed to free cholesterol 
by the cholesterol ester hydrolase enzyme (CEH), whose physicochemical prop- 
erties and regulation have been thoroughly investigated in the adrenal cortex 
(Brody and Black 1988; Kraemer et al. 2002; Lee et al. 1997; Mikami et al. 1984; 
Nishikawa et al. 1981). Neutral cholesterol esterase activity purified from the 
adrenal has been shown to be identical to HSL purified from adipose tissue 
(Cook et al. 1982). In addition, immunoreactive hormone-sensitive lipase (HSL) 
(Kraemer et al. 1993) and HSL mRNA (Kraemerr et al. 1991) can be detected in 
adrenal tissue. Most importantly, HSL deficiency in mice is associated with dra- 
matic changes in adrenal neutral CEH activity (Kraemer et al. 2002) and with 
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profound morphological changes — a marked accumulation of lipid droplets — in 
the adrenal cortex (Li et al. 2002). 

The regulation of CEH activity through cAMP-dependent mechanisms has 
been extensively studied (Beckett and Boyd 1977; Brody and Black 1988; 
Klemcke 1992; Mikami et al. 1984; Nishikawa et al. 1981; Nishikawa et al. 1988). 
In the adrenal cortex, ACTH induces marked reductions of cholesterol ester lev- 
els with a concomitant increase in CEH activity (Vahouny et al. 1984). Like HSL 
(Belfrage et al. 1980; Gordie et al. 1986; Stralfors and Belfrage 1983), its homo- 
logue in adipose tissue, CEH is activated in vitro following phosphorylation by 
cAMP-dependent protein kinase (PKA) (Colbran et al. 1986; Cook et al. , 1982 
1983; Sonnenborn et al. 1982). The Ang II challenge also leads to an increase in 
the CEH phosphorylation state and activity in bovine zona glomerulosa cells, 
an effect that occurs via activation of the p42/p44 MAPK pathway (Cherradi et 
al. 2003). 



3.3 

Intramitochondrial Cholesterol Transfer 

Once free cholesterol has been generated from cholesterol esters by CEH, it 
must be transferred to the mitochondria in order to be metabolized into ster- 
oids. This process has remained until now the least understood. Clearly, the cy- 
toskeleton must play an important role in this transfer (Feuilloley and Vaudry 
1996). In addition, steroidogenic cell-specific proteins such as sterol-carrier 
protein-2 (SCP-2) (Baum et al. 1997; Puglielli et al. 1995; Yanase et al. 1996) or 
steroidogenesis activatory polypeptide (SAP) (Pedersen and Brownie 1983) ap- 
pear to contribute to some extent to cholesterol supply to the mitochondria. 

When it has reached the outer mitochondrial membrane, cholesterol has to 
overcome an almost insurmountable obstacle, the aqueous intermembrane 
space, before it can reach the inner mitochondrial membrane, where the en- 
zymes of the steroidogenic cascade, such as the P450 side-chain cleavage 
(P450scc) enzyme, are located. Over the last 7-8 years, a major breakthrough 
has been achieved with the discovery of the steroidogenic acute regulatory 
(StAR) protein (Clark et al. 1994) and of its crucial role in mediating intramito- 
chondrial transfer. Furthermore, a critical importance of the StAR protein in de- 
velopmental processes of the adrenal cortex has also been evidenced in StAR 
knockout mice (Caron et al. 1997; Hasegawa et al. 2000). Numerous exhaustive 
reviews have been published on the StAR protein (Christenson and Strauss 
2000; Clark and Stocco 1996; Stocco 1997, 2001; Stocco and Clark 1996a, 1996b). 
Research has focused lately on the mode of action of the StAR protein and on 
the regulation of its expression under trophic hormone stimulation. We will 
summarize hereafter the latest most significant findings in these two areas. 
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3.3.1 

Mode of Action of the StAR Protein 

The StAR protein precursor contains an N-terminal mitochondrial targeting se- 
quence and it was initially thought that intramitochondrial cholesterol transfer 
to the P450SCC enzyme was facilitated during StAR precursor import into the 
mitochondria via contact sites (Clark and Stocco 1996; Stocco and Clark 1996a) 
It was later found, however, that the C-terminal region of the protein is crucial 
for its biological activity (Arakane et al. 1996), and this observation was corrob- 
orated by the fact that all the known mutations in lipoid congenital adrenal hy- 
perplasia, a dramatic disease state in which patients are practically unable to 
synthesize any steroids, are localized within the C-terminal domain of the StAR 
protein (Bose et al. 1996). 

It is now known that StAR belongs to a family of proteins showing homology 
to the StAR protein and sharing a 200- to 210-amino acid sequence termed the 
StAR-related lipid transfer (START) domain (Romanowski et al. 2002; Soccio et 
al. 2002; Tsujishita and Hurley 2000). Both the StAR protein (Petrescu et al. 
2001) and the START domain (Tsujishita and Hurley 2000) have been shown to 
bind cholesterol. StAR appears to adopt a molten globule conformation during 
its import into mitochondria (Bose et al. 1999; Song et al. 2001) and to interact 
with the outer mitochondrial membrane (Arakane et al. 1998; Bose et al. 2002). 
The precise molecular mechanism of StAR-mediated mitochondrial import of 
cholesterol is not yet fully understood. It would appear that an interaction is re- 
quired with some factor(s) at the surface of the mitochondria. One of the poten- 
tial partners of the StAR protein at the outer mitochondrial membrane that ap- 
pears to be of critical importance could be the peripheral-type benzodiazepine 
receptor (Amri et al. 1999; West et al. 2001). 



3.3.2 

Regulation of StAR Protein Expression 

Because of the vital importance of the StAR protein, it is not surprising that 
considerable attention has been and still is dedicated to the understanding of 
the mechanisms controlling its expression. Soon after the cloning of the protein, 
the sequence of the human (Sugawara et al. 1996, 1997b) and the mouse (Caron 
et al. 1997) promoter region of the StAR gene have been characterized. Various 
consensus sequences of known response elements have been identified and the 
corresponding transcription factors shown to contribute to the regulation of 
StAR gene expression. We briefly describe hereafter the principal transcription 
factors participating in this control. A more detailed review has recently been 
published by Reinhart et al. (1999b). 

CREBP/CREM. Most trophic agents acting on steroidogenic tissues (gonads, ad- 
renal cortex) recruit the cAMP-PKA signaling system. Canonical half-sites for 
CRE (cAMP response element) in the StAR promoter have recently been shown 
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to bind CREB (cAMP response-element binding protein) and CREM (CREB/ 
CRE modulator) in MA-10 mouse Leydig cells (Manna et al. 2002) and to be 
functionally involved in the acute regulation of StAR gene expression. 

C/EBP. The CCAAT/enhancer binding proteins (C/EBPo; C/EBP/i^ etc.) are 
a family of basic region/leucine zipper transcription factors regulating the 
differentiation and the function of numerous cells types (Lekstrom-Himes and 
Xanthopoulos 1998). Two consensus C/EBPyS response elements have been iden- 
tified in the StAR promoter (Reinhart et al. 1999a) and C/EBP/3 is required for 
StAR gene transcription in both rat ovarian cells (Silverman et al. 1999) and 
MA-10 testicular Leydig cells (Reinhart et al.l999a). 

GATA. The GATA family of zinc finger transcription factors are also important 
modulators of differentiation during vertebrate development (Weiss and Orkin 
1995). In reproductive steroidogenic tissues, GATA-1/4/6 appear to participate 
in the control of StAR gene transcription, presumably through cooperation 
with other transcription factors (Reinhart et al. 1999a; Silverman et al. 1999; 
Tremblay et al. 2002). In the mouse and human adrenal, GATA-4 and GATA-6 
appear to show differential expression patterns throughout development and 
adulthood (Kiiveri et al. 2002). 

SF-L In all species, several putative binding sites for steroidogenic factor- 1 
(SF-1), also called Ad4BP, are present in the StAR gene promoter (Caron et al. 
1997; Clark and Combs 1999; Rust et al. 1998; Sandhoff et al. 1998; Sugawara et 
al. 1997a, 1997b). The number and localization of these binding sites vary from 
one species to the other. SF-1 is a nuclear transcription factor that was first 
identified in adrenal cortical cells (Morohashi et al. 1993). The orphan nuclear 
receptor SF-1 plays a critical role in adrenal and gonadal differentiation, devel- 
opment, and function (Parker and Schimmer 1997). Furthermore, SF-1 has also 
been shown to regulate the expression of genes encoding cytochrome P450 hy- 
droxylases, and to efficiently transactivate the StAR gene in transient transfec- 
tion assays in various cell types (Rust et al. 1998; Sandhoff et al. 1998; Sugawara 
et al. 1997b; Wooton-Kee and Clark 2000). Although the extent of SF-1 involve- 
ment in the regulation of StAR gene expression may present species- and cell 
type-dependent differences (Silverman et al. 1999), it appears that activation of 
the cAMP signaling pathway leads to increased phosphorylation (Gyles et al. 
2001) and/or expression (Aesoy et al. 2002) of SF-1 protein. Liver receptor ho- 
mologue-1 (LRH or NR5A2), which is closely related to SF-1 and is involved in 
bile acid biosynthesis, appears to also be expressed in human adrenal cells and 
to enhance reporter activity driven by the StAR promoter in co-transfection ex- 
periments (Sirianni et al. 2002). 

DAX-1. The StAR gene promoter also bears a binding site for another orphan 
member of the nuclear receptor superfamily, DAX-1 (dosage-sensitive sex rever- 
sal, adrenal hypoplasia congenita critical region on the X-chromosome, gene 1 ) 
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(Yu et al. 1998; Lalli and Sassone-Corsi 1999). DAX-1 has been shown to act as a 
powerful repressor of StAR gene expression. Indeed, overexpression of DAX- 1 
in Y-1 mouse adrenal tumor cells inhibits steroid synthesis and DAX-1 represses 
both basal and cAMP-induced StAR promoter activity by binding to DNA hair- 
pin secondary structures on the StAR gene promoter or to the SF-1 protein itself 
(Zazopoulos et al. 1997). Furthermore, overexpression of DAX-1 in Y-1 adreno- 
cortical cells impairs basal and c AMP-stimulated steroid production (Tamai et 
al. 1996). Conversely, cAMP down-regulates DAX-1 expression in cultured rat 
Sertoli cells (Tamai et al. 1996). Finally, SF-1 and DAX-1 are colocalized in vari- 
ous endocrine and steroidogenic tissues, suggesting that these two nuclear pro- 
teins may be linked in function. 

SREBR Lipoproteins regulate the expression of the StAR protein and StAR pro- 
moter activity (Reyland et al. 2000). Because of the importance of cholesterol as 
a precursor for steroidogenesis, the potential involvement of sterol regulatory 
element-binding proteins (SREBPs), a family of transcription factors involved in 
cholesterol metabolism (Brown and Goldstein 1997) and in modulating StAR 
gene expression has been investigated. Indeed, a near-consensus binding site 
for SREBP-la has been identified in a proximal portion of the StAR promoter 
(-115 to -30) that is the target for the action of multiple transcription factors, 
and it appears that the StAR promoter is conditionally responsive to high 
SREBP-la (Christenson et al. 2001). SREBP-la could be involved in selective 
combinations with other transcriptional cofactors (Shea-Eaton et al. 2001). 

YYl and c-FOS. The multifunctional transcription factor Yin Yang 1 (YYl) has 
been shown to repress StAR gene expression, presumably by binding to SREBP- 
la and preventing its binding to DNA (Nackley et al. 2002). Similarly, three pu- 
tative activator protein- 1 (AP-1) binding elements are present in the rat StAR 
promoter, and treatment of rats with PGF2a, which led to increases of c-Fos, re- 
sulted in a repression of StAR mRNA in rat ovaries (Shea-Eaton et al. 2002). 
Furthermore, c-Fos was shown to bind to AP-1 sites in the StAR promoter 
(Shea-Eaton et al. 2002), thus suggesting a c-Fos-mediated repression of StAR 
gene transcription, at least in ovarian cells. 

Modulation of Transcription Factor Expression by Ang II. In the adrenal zona 
glomerulosa cell, the expression of the StAR protein is rapidly increased by fac- 
tors that activate mineralocorticoid biosynthesis. Indeed, Ang II and ACTH 
have been shown to stimulate StAR mRNA and StAR protein expression and to 
concomitantly increase aldosterone production in bovine zona glomerulosa 
cells (Cherradi et al. 1997, 1998). Moreover, in human H295R adrenocortical 
carcinoma cells, which bear only very few ACTH receptors, challenge with 
cAMP analogs, used to mimic adenylyl cyclase activation, Ang II or K-H, leads to 
StAR mRNA and protein expression, via a SF-1 -dependent mechanism (Clark 
and Combs 1999; Clark et al. 1995). Whereas the initial signal transduction 
mechanisms mediating the steroidogenic action of these activators of aldoster- 
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one biosynthesis are well characterized (Capponi and Rossier 1996), the events 
occurring downstream of Ca^'^ or cAMP signal generation and leading to the in- 
duction of StAR protein expression are still poorly understood. Nevertheless, it 
appears that Ang II powerfully represses the expression of DAX-1 in bovine 
glomerulosa cells, an effect that is accompanied by increased StAR protein ex- 
pression and aldosterone production (Osman et al. 2002). 



3.4 

Regulation by Ang II of Aldosterone Synthase Expression 

The capacity of the zona glomerulosa of the adrenal cortex to produce aldoster- 
one depends essentially on the level of expression of aldosterone synthase 
(CYP11B2). The transcriptional regulation of aldosterone synthase is controlled 
by Ang II and (Denner et al. 1996; Rainey 1999; Shibata et al. 1991; Yagci and 
Muller 1996) and appears to be mediated by calmodulin-dependent kinase I 
(Condon et al. 2002). Whereas cholesterol transfer into the mitochondria, as de- 
scribed above, corresponds to an acute regulatory phase of aldosterone biosyn- 
thesis, increased expression of aldosterone synthase under Ang II control occurs 
during a chronic stimulatory phase 

4 

Modulation of Angiotensin IMnduced Aldosterone Secretion 

If aldosterone production by adrenal glomerulosa cells is primarily controlled 
by Ang II (and potassium), its secretion is modulated, positively or negatively, 
by many paracrine or endocrine factors. We will now briefly describe the role of 
the local, intra-adrenal renin-angiotensin system and the effect of the principal 
modulators of Ang II action: potassium, adrenocorticotropic hormone (ACTH) 
and atrial natriuretic peptide (ANP). We will also indicate how these factors are 
believed to affect the cellular steroidogenic mechanisms activated by Ang II. 

It has been assumed for a long time that the Ang II responsible for the activa- 
tion of steroidogenesis in glomerulosa cells was coming from the periphery, as a 
result of the processing of circulating angiotensinogen by renin and converting 
enzyme. However, local synthesis of renin and intra-adrenal generation of Ang 
II has long been recognized (Ganten et al. 1983; Mulrow 1988), as recently re- 
viewed (Mulrow 1999). The highest renin activity is localized in the zona 
glomerulosa where the enzyme apparently participates in the regulation of aldo- 
sterone production. Indeed, changes in electrolyte balance can change adrenal 
renin production; a low-sodium (or high-potassium) diet increasing renin and 
aldosterone in glomerulosa cells, while a high-sodium diet diminishes both 
(Mulrow et al. 1988). This adrenal renin-angiotensin system is highly stimulated 
upon nephrectomy, a situation in which plasma renin is reduced to undetectable 
levels, and could contribute to the resulting elevation of aldosterone production 
(Baba et al. 1986). Inhibition of the adrenal renin system is additional evidence 
of its physiological involvement. For example, in vitro studies revealed that ACE 
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inhibitors prevent the aldosterone response of isolated glomerulosa cells ex- 
posed to angiotensin I, to potassium or ACTH (Horiba et al. 1990; Oda et al. 
1991; Yamaguchi et al. 1990), and even to Ang II itself (Vinson et al. 1996). Sim- 
ilarly, the ATi receptor antagonist, losartan, inhibited basal, ACTH- and K'^- 
stimulated aldosterone production from bovine and rat glomerulosa cells 
(Chiou et al. 1994; Gupta et al. 1995), suggesting that locally produced Ang II 
could participate in the steroidogenic action of potassium and ACTH. 



4.1 

Potassium 

Potassium is in itself a powerful agonist of aldosterone secretion and the sensitiv- 
ity of adrenal glomerulosa cells to low variations of extracellular potassium con- 
centrations, within the physiological range, makes the cation, besides Ang II, the 
main physiological regulator of aldosterone. However, the state of potassium bal- 
ance can also alter the response of aldosterone to Ang II. Indeed, K'^ strongly po- 
tentiates steroidogenesis when combined with submaximal concentrations of 
Ang II, which has been recognized both in vitro and in vivo (Linde et al. 1981; 
Vallotton et al. 1995). Although the exact mechanism responsible for this potenti- 
ation is not entirely elucidated and could involve the expression of enzymes 
responsible for the late steps of aldosterone biosynthesis (Muller et al. 1989; 
Tremblay et al. 1992), it is probably primarily linked to the ability of each agonist 
to differentially mobilize the Ca^'^ messenger system in glomerulosa cells. This is 
suggested by the persistence of the synergistic effect of on aldosterone pro- 
duction when Ang II is replaced with thapsigargin, a drug inducing Ca^^ release 
from intracellular stores and stimulating the capacitative Ca^"^ influx, a response 
elicited by Ang II but not (Burnay et al. 1994; Hajnoczky et al. 1991). It has 
been also proposed that synergy could result from the concomitant effect of 
on membrane potential and of Ang II on voltage-operated calcium channels, such 
that together they promote enhanced steady-state Ca^"^ influx (Chen et al. 1999) 
Potassium is not only able to potentiate the aldosterone response to Ang II, 
but it is also permissive for the hormone action. Indeed, K'^-depleted rats fail to 
respond to sodium depletion by increasing aldosterone, even though the renin- 
angiotensin system is adequately stimulated (Boyd et al. 1973). Similarly, in cir- 
cumstances under which the renin-angiotensin is stimulated, secondary hyper- 
aldosteronism is induced and results in both sodium retention and potassium 
loss. This situation can lead to severe hypokalemia, particularly when combined 
with volume depletion, resulting for example from abuse of laxatives and diuret- 
ics, or in the case of Bartter’s syndrome (Vallotton et al. 1995). Under these con- 
ditions, whereas plasma renin activity is maximally stimulated, aldosterone con- 
centration is only modestly elevated. Upon administration of to these pa- 
tients, one can observe a dramatic rise in aldosterone secretion, which is ex- 
plained by the removal of what is often called hypokalemic brake. This phenom- 
enon illustrates the control exerted by potassium on the steroidogenic response 
to Ang II and demonstrates the risk of missing a diagnosis of hyperaldoster- 
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onism if mineralocorticoids are assayed prior to normalization of plasma potas- 
sium levels. 



4.2 

Adrenocorticotropic Hormone 

Through its general trophic action on the adrenal cortex and its stimulation, via 
the cAMP pathway, of the expression of various steroidogenic enzymes, ACTH 
exerts a positive action on Ang Il-stimulated aldosterone response and can 
therefore be considered as an important modulator. Indeed, a low response to 
Ang II has been associated with low concentrations of ACTH (Foster et al. 
1997). ACTH appears to be necessary in a permissive way to maintain the early 
steps of steroidogenesis of glomerulosa cells (Boyd et al. 1972). 

Nevertheless, several antagonist interactions between Ang II and ACTH, at 
the level of the cellular messengers, have been also reported. In rat adrenal 
glomerulosa cells, ACTH inhibits Ang Il-stimulated Ins(l,4,5)P3 formation, in a 
cAMP-independent manner (Woodcock 1989). Moreover, an antagonist peptide 
of the ACTH receptor has been shown to increase aldosterone formation in 
these cells through a mechanism involving the activation of the Ang II receptor 
(Malendowicz et al. 1998). Conversely, as previously mentioned, in rat cells (but 
not in bovine cells), Ang II reduces ACTH-elicited cAMP production through a 
Gi protein (Woodcock and Johnston 1984). Angiotensin II also inhibits the in- 
duction of CYP17 by ACTH in a concentration-dependent manner, as shown in 
bovine glomerulosa cells (Galtier et al. 1996). 



4.3 

Atrial Natriuretic Peptide 

Atrial natriuretic peptide (ANP) is a potent negative regulator of aldosterone 
synthesis that can alter the sensitivity of the adrenal glomerulosa cells to Ang II. 
This effect has been demonstrated both in vivo and in vitro and could play 
a significant physiological role in sensitizing the adrenal upon sodium deple- 
tion, a situation where ANP is reduced (Atarashi et al. 1985; Chartier et al. 1984; 
Franco-Saenz et al. 1989). The mechanism of this inhibition (affecting both the 
responses to Ang II and to ACTH) is not completely elucidated (Ganguly 1992). 
ANP increases cGMP levels in adrenal glomerulosa cells (Matsuoka et al. 1985) 
and activates a guanylyl cyclase activity in the adrenal cell particulate fraction 
(Tremblay et al. 1986), but the role of cGMP in the inhibition of aldosterone se- 
cretion remains ambiguous. Indeed, various permeable analogs of cGMP, which 
mimic ANP action in other cell types, were unable to inhibit, and even slightly 
increased, basal or stimulated aldosterone production from adrenal glomerulosa 
cells (Barrett and Isales 1988; Elliott and Goodfriend 1986; Ganguly et al. 1989; 
Matsuoka et al. 1987). 

In spite of early reports suggesting that ANP-induced inhibition of aldoster- 
one does not involve the Ca^'*' signal induced by Ang II (Apfeldorf et al. 1988; 
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Capponi et al. 1986a; Ganguly et al. 1989; Takagi et al. 1988, Cherradi et al. 

1998) , other results showed that ANP could act by interfering with the appropri- 
ate changes in Ca^”^ fluxes elicited by the agonist (Barrett et al. 1991; Chartier 
and Schiffrin 1987; McCarthy et al. 1990). Interestingly, ANP has been reported 
to modulate L- and T-type channels in opposite ways, increasing currents 
through L-type while decreasing those occurring through T-type channels. This 
opposite regulation could explain the inhibition of steroidogenesis, linked to the 
activity of T channels, without reduction of the cytosolic Ca^”^ concentration, 
which depends upon L channel activity. 

4.4 

Other Factors 

A series of other hormones and neurotransmitters have also been shown to 
modulate the effect of Ang II on aldosterone synthesis in the adrenal glomeru- 
losa cell. Thus, for example, endothelin can potentiate the aldosterone response 
to Ang II (Cozza et al. 1992; Cozza and Gomez-Sanchez 1993; Nussdorfer et al. 

1999) . Insulin also appears to affect the steroidogenic effect of Ang II in rat 
glomerulosa cells (Petrasek et al. 1992). Moreover, in human adrenal cells, 
short-term insulin treatment results in inhibition of Ang Il-induced aldosterone 
synthesis, possibly via inhibition of the 12-lipoxygenase pathway, whereas 
chronic treatment leads to a potentiation of Ang II action due in part to the up- 
regulation of cytochrome P-450scc enzyme levels (Natarajan et al. 1995). 

The presence of nerve endings in the adrenal cortex has been demonstrated 
morphologically (Vinson et al. 1994a), and direct effects on aldosterone produc- 
tion in vitro have been reported for some neurotransmitters such as pituitary 
adenylyl cyclase- activating polypeptide in frog adrenal cells (Yon et al. 1994), 
vasopressin in rat adrenal glomerulosa cells (Mazzocchi et al. 1993) and in hu- 
man adrenal glands (Guillon et al. 1995), substance P (Mazzocchi et al. 1995), or 
serotonin in man (Lefebvre et al. 1995) 

5 

Extra-Adrenal Aldosterone Production 



5.1 

The Heart as a Source of Aldosterone 

Recent in vitro and in vivo studies have reported that extra-adrenal tissues 
such as vascular endothelial (Takeda et al. 1996) and smooth muscle cells 
(Hatakeyama et al. 1994) express aldosterone synthase under the control of Ang 
II and are able to produce aldosterone. Moreover, similar findings have been re- 
ported in the brain (Gomez-Sanchez et al. 1997) and in particular in the heart 
(Silvestre, 1998, 1999b; Young and Funder 2000). An increase in cardiac aldo- 
sterone production as well as in aldosterone synthase mRNA expression has 
been observed in genetically hypertensive rats (Takeda et al. 2000a) and follow- 
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ing experimental myocardial infarction (MI) in the rat, and this increase is me- 
diated by Ang II acting via the cardiac ATi receptor subtype (Silvestre et al. 
1998, 1999a). Indeed, there is evidence for Ang II generation in the heart: neo- 
natal rat cardiomyocytes are known to produce Ang II (Sadoshima et al. 1993). 
Moreover, in canine ventricular myocytes, the renin- angiotensin system is up- 
regulated with heart failure (Barlucchi et al. 2001). There is also increased renin 
mRNA expression in the border zone of the infarcted left ventricle, with a possi- 
ble role for intracardiac Ang II in infarct healing (Passier et al. 1996). Lastly, car- 
diac Ang II concentration is increased two- to fourfold following myocardial in- 
farction, this increase being more marked in the infarcted zone than in nonin- 
far cted tissue (Hirsch et al. 1991; Silvestre et al. 1999a; Sun et al. 2001). 

In addition, in the rat submitted to high-sodium intake, cardiac aldosterone 
production and activity of aldosterone synthase are increased (Takeda et al. 
2000b). In humans, recent studies have shown that plasma aldosterone levels are 
higher in the interventricular vein and coronary sinus than in aortic root in pa- 
tients with failing ventricles (Mizuno et al. 2001) and with essential hyperten- 
sion (Yamamoto et al. 2002), and that some steroidogenic genes can be detected 
in the heart (Kayes-Wandover and White 2000; Young et al. 2001), including al- 
dosterone synthase (Yoshimura et al. 2002), suggesting a possibility for endoge- 
nous aldosterone synthesis, at least in the failing heart. However, whether the 
aldosterone that is produced in cardiac tissue results from active cholesterol 
transformation as in the adrenal cortex or is merely the result of the extraction 
from blood of aldosterone and/or of some of its precursors (Hayashi et al. 2001) 
such as pregnenolone, progesterone or corticosterone remains to be deter- 
mined. In this respect, it is noteworthy that a significant StAR mRNA expression 
has been detected in neonatal rat cardiomyocytes in culture and that this ex- 
pression can be modulated by Ang II. Furthermore, after myocardial infarction 
in the rat, StAR RNA levels are more than doubled in the noninfarcted area of 
the left ventricle, a phenomenon that can be prevented by losartan or spirono- 
lactone (Casal et al. 2003). 



5.2 

The Heart as a Target of Aldosterone 

In addition to being a potential source of aldosterone, the heart also appears to 
act as a target for the mineralocorticoid. Indeed, mineralocorticoid receptors 
are present in cardiac myocytes and fibroblasts (Young et al. 1994). Aldosterone 
exerts rapid positive inotropic effects in the isolated rat heart (Harada et al. 
2001), as well as longer-term effects. Aldosterone treatment, for example, in- 
duces left ventricular hypertrophy (Young et al. 1995), fibrosis, and an increase 
in ventricular collagen I and III mRNAs within 2 weeks (Robert et al. 1999). This 
delay may however be shortened since a bolus injection of deoxycorticosterone 
induces a collagen III increase in only 2 days, likely due to the high hormone 
concentration acutely reached under those conditions (Fujisawa et al. 2001; 
Robert et al. 1999). Alterations of cardiac function are observed in transgenic 
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mice models of cardiac mineralocorticoid receptor down-expression (Beggah et 
al. 2002) or overexpression (Le Menuet et al. 2001). Moreover, the expression of 
some genes of the renin-angiotensin system is also modulated by aldosterone in 
the heart, for example, genes for the ATi receptor (Robert et al. 1999) and an- 
giotensin-converting enzyme (Harada et al. 2001). All these effects can be pre- 
vented by simultaneous administration of spironolactone, an aldosterone antag- 
onist. Finally, strong indirect evidence for an active involvement of aldosterone 
in contributing to heart failure was recently provided by the RALES trial, in 
which a 30% improvement in mortality risk has been observed in patients with 
severe heart failure who have received spironolactone in addition to their classic 
treatment (Pitt et al. 1999). Newer aldosterone antagonists devoid of side effects 
such as eplerenone (McMahon 2001) also prevent the development of cardiac 
damage through a mechanism linked to selective aldosterone antagonism in the 
heart (Martinez et al. 2002). 

On the other hand, Rocha et al. (2000) have recently shown that the deleteri- 
ous effects of aldosterone treatment in the rat can be suppressed by adrenalecto- 
my and that myocardial necrosis and renal arteriopathy are restored by exoge- 
nous aldosterone. These results would tend to rule out a role of cardiac aldoster- 
one in cardiac dysfunction. Nevertheless, it appears clear that aldosterone plays 
a critical role in the vascular inflammatory phenotype induced by Ang II in the 
heart (Rocha et al. 2002a, 2002b). 

6 

Conclusion 

The biosynthesis of aldosterone from its precursor, cholesterol, is an extremely 
complex process involving numerous steps that are localized and confined to 
specific compartments of the steroidogenic cell. When stimulating aldosterone 
production through a pleiotropic signaling system, Ang II is able to modulate 
the functioning of a large number of these steps, be it HDL-cholesterol import 
at the cell surface, cholesterol ester hydrolysis in lipid droplets, StAR protein or 
aldosterone synthase expression, among others, in the nucleus or StAR-mediat- 
ed cholesterol importation into mitochondria. These concerted actions, which 
are integrated in time and intracellular location, result in the fine tuning of aldo- 
sterone production for an appropriate maintenance of both acute and long-term 
salt and water homeostasis. 
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Abstract Aldosterone is a potent mineralocorticoid synthesized by the outer 
zone of the adrenal cortex, the zona glomerulosa. Production of aldosterone is 
stimulated by angiotensin and potassium, but may also be affected by over 20 
other endogenous and exogenous substances. Because of its sensitivity to angio- 
tensin, secretion of aldosterone is altered by diseases that affect the kidneys and 
perturb their release of renin. Examples include renal artery stenosis, which in- 
creases renin secretion, and diabetes, which reduces it. Other diseases that re- 
duce perfusion of the kidneys also alter aldosterone secretion. Examples include 
heart failure and cirrhosis of the liver, both of which stimulate renin release and 
increase aldosterone secretion. Disorders of the adrenal cortex can affect aldo- 
sterone secretion. Adenomas of the zona glomerulosa overproduce aldosterone 
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independent of angiotensin. Hypertrophy of the zona glomerulosa causes over- 
production of aldosterone because the cells are hypersensitive to angiotensin. 
The role of aldosterone in common cardiovascular diseases such as heart failure, 
low-renin essential hypertension, and the hypertension that accompanies obesi- 
ty, is uncertain. The growing use of plasma aldosterone and renin measurements 
and the development of new aldosterone antagonists should clarify the impor- 
tance of this steroid in a variety of disease states. 

Keywords Aldosterone • Hypertension • Adrenal cortex • Potassium • Blood 
pressure • Angiotensin • Renin • Adrenal zona glomerulosa 

Abbreviations 

ACTH Adrenocorticotropic hormone 

APA Aldosterone-producing adenoma 

IHA Idiopathic hyperaldosteronism 

LREH Low-renin essential hypertension 

PAI- 1 Plasminogen-activator inhibitor- 1 

RAAS Renin-angiotensin-aldosterone system 

1 

Introduction 

Aldosterone is one of the two most potent humoral effectors of the renin-angio- 
tensin-aldosterone system (RAAS). Although angiotensin and aldosterone can 
both stimulate tubular reabsorption of sodium from the urine, aldosterone is 
largely responsible for the sodium retention and extracellular fluid volume ex- 
pansion that accompanies activation of the RAAS. This action helps animals 
and humans survive threats to vascular homeostasis. On the other hand, aldo- 
sterone mediates some of the pathological manifestations of many human dis- 
ease states in which sodium retention is dangerous. In addition to its well- 
known effects on sodium balance, aldosterone can influence synthesis of macro- 
molecules in the cardiovascular system, suggesting a role for the steroid in hy- 
pertrophy and fibrosis. Lessening the influence of aldosterone by reducing its 
production or antagonizing its action has become an important component of 
therapeutics. 

2 

Biosynthesis and Regulation 

Aldosterone is produced by the outermost cellular layer of the adrenal cortex, 
the zona glomerulosa. Steroidogenesis in these cells follows the same biosyn- 
thetic pathway found in other zones of the adrenal cortex and theca cells of the 
ovaries. The precursor is cholesterol, which is processed in mitochondria and 
cytosol. The rate-determining step in steroidogenesis is transport of cholesterol 
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Table 1 Potential stimuli and inhibitors of aldosterone secretion 



Stimuli 


Inhibitors 


Known relevance to humans 

Angiotensin 

Potassium 




Probable relevance to humans 


ACTH (acute) 

Unknown relevance to humans 


ACTH (chronic) 

Atrial natriuretic peptide 
Dopamine 


Serotonin 


Somatostatin 


Catecholamines 


Adrenomedullin 


Bradykinin 


Interleukin IB 


Vasoactive intestinal peptide 


TNF-a 


Substance P 


Substance P 


Neuropeptide Y 


Neuropeptide Y 


Fatty acid epoxides 


Oleic and other nonesterified fatty adds 


Prostaglandin E 


Hyperosmolaiity 


Enkephalins 
Interleukin 6 


Hypoxia 



from cytosol to the inner matrix of mitochondria where it undergoes side-chain 
cleavage, producing pregnenolone (Quinn and Williams 1988). Zona glomeru- 
losa cells contain an enzyme complex, unique to that zone, that oxidizes the 
#1 8-carbon of corticosterone to form the aldehyde that gives aldosterone its 
name. The aldehyde at position 18 can bond with the hydroxyl group at position 
11, protecting aldosterone from 1 1 -hydroxysteroid dehydrogenases that inacti- 
vate other 11 -hydroxy steroids such as hydrocortisone (Edwards and Hayman 
1991). Zona glomerulosa cells lack the 17-hydroxylase that characterizes other 
steroidogenic cells such as those producing cortisol and sex steroids. 

Aldosterone production is sensitive to a wide range of potential regulators, 
listed in Table 1 (Quinn and Williams 1988; Ehrhard-Bornstein et al. 1998). The 
length of this list implies that regulation of aldosterone secretion is complex, es- 
pecially when compared to regulation of hydrocortisone or estrogen. The domi- 
nant stimuli of aldosterone production in intact animals and humans are angio- 
tensin II and potassium (K”^). The best-known inhibitor is atrial natriuretic pep- 
tide. Adrenocorticotropic hormone (ACTH) stimulates aldosterone production 
transiently, but prolonged ACTH exposure inhibits zona glomerulosa cells. The 
effect of dopamine to inhibit aldosterone secretion is best demonstrated by the 
stimulatory effect of dopamine antagonists; direct administration of dopamine 
is largely ineffective (Carey 1982). Most of the compounds in Table 1 have been 
examined only in vitro, and their relevance to normal or abnormal regulation is 
unknown. As described below, situations arise in clinical medicine where aldo- 
sterone production is elevated or depressed out of proportion to plasma renin 
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activity or potassium concentration, and it is in these situations that the less 
well-recognized regulators may play a role. 

Aldosterone regulation is especially complex because the various stimuli and 
inhibitors interact with each other. For example, angiotensin’s actions are pow- 
erfully affected by the level of potassium in extracellular fluid, and vice versa 
(Young et al. 1984). That synergy probably derives from the separate signal 
transduction mechanisms activated by potassium and angiotensin, which both 
stimulate the common rate- determining step, cholesterol side-chain cleavage. 
Another characteristic feature of aldosterone regulation is the ability of some di- 
etary and environmental elements to alter the adrenal cell’s signal transduction 
and steroidogenic machinery and its sensitivity to humoral regulators. For ex- 
ample, dietary sodium restriction or potassium supplementation increases zona 
glomerulosa cell content of angiotensin receptors and steroidogenic enzymes. 
Under these dietary influences, angiotensin’s effects are amplified. 

Feedback regulation of the renin-angiotensin-aldosterone system (RAAS) is 
mediated more by physiologic variables than by the effector hormones them- 
selves. By contrast with the hypothalamic-pituitary- adrenal axis whose effector, 
cortisol, directly inhibits release of hypothalamic and pituitary tropins, aldo- 
sterone does not directly affect production of renin or angiotensin II. Instead, 
feedback is indirect, mediated by blood pressure, perfusion of the kidneys, and 
extracellular potassium concentration. For example, when aldosterone secretion 
is stimulated by a shrinking blood volume and consequent renin release, sodi- 
um retention induced by aldosterone restores blood volume and renal perfu- 
sion, turning off renin secretion. In a second example, when a dietary bolus of 
potassium elevates serum potassium and aldosterone secretion, the steroid fa- 
vors potassium excretion by the kidney, extracellular potassium is lowered to- 
ward normal, and the rate of aldosterone secretion returns to baseline. Atrial 
natriuretic peptide buffers this system at the high end, reducing aldosterone se- 
cretion when intravascular volume is expanded excessively (Goodfriend et al. 
1984). There is no known direct feedback control by aldosterone on the other 
regulators listed in Table 1. Thus, ACTH, dopamine, melanocyte-stimulating 
hormone, and serotonin may affect aldosterone secretion, but aldosterone has 
no known effects on release of those hormones. 

Despite the many complexities in aldosterone regulation, the central role of 
angiotensin as a stimulus is unchallenged and crucial to understanding many 
clinical situations involving sodium, potassium, blood volume and blood pres- 
sure. 
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3 

Clinical Situations Where Aldosterone Levels Are Increased by Angiotensin 



3.1 

Renal Diseases 

Under ordinary circumstances, juxtaglomerular cells of the kidney release renin 
when sodium depletion, extracellular volume contraction, or circulatory impair- 
ment threatens perfusion of the kidneys and other vital organs. Aldosterone se- 
cretion is stimulated by the increment in angiotensin, and aldosterone and an- 
giotensin effect sodium retention to restore renal perfusion. This is a situation 
where renin release seems appropriate to maintain total body circulation as well 
as the health of the kidneys. However, when juxtaglomerular cells are afflicted by 
ischemia or inflammation resulting from local diseases such as renal artery ste- 
nosis or glomerulonephritis, they release renin and stimulate aldosterone pro- 
duction in amounts greater than appropriate for total body fluid status (Bakris 
and Gavras 1993). In these situations, sodium retention and fluid volumes exceed 
amounts needed for perfusion of vital organs, and the result can be hypertension 
and edema. This is most dramatic in malignant hypertension, characterized in 
many patients by a vicious cycle of renal damage, renin release, aldosterone se- 
cretion, extremely high arterial pressure, and further renal damage from the 
pressure (McAllister el al. 1971). 

In the conditions mentioned above, aldosterone is increased in parallel with 
renin, suggesting that its secretion is, it would seem, appropriate for homeosta- 
sis. Still, the increased circulating levels of aldosterone may be intrinsically 
harmful. This idea is supported by experiments in which aldosterone antago- 
nists reduce histologic manifestations of renal damage in animal models of ren- 
ovascular disease (Greene et al. 1996). The mechanism by which aldosterone 
damages parenchymal cells of the kidney is not known, but the toxicity is inde- 
pendent of tubular sodium reabsorption and systemic hypertension. Since it is 
prevented by agents such as spironolactone, aldosterone’s cytotoxicity must be 
mediated by mineralocorticoid receptors, but the postreceptor events that dam- 
age tissue have not been identified. In the conditions where aldosterone levels 
are elevated in response to increased renin, both the physiologic and pathologic 
consequences are probably the result of combined actions of peptides of the an- 
giotensin series and aldosterone. One example of this synergy is the production 
of plasminogen-activator inhibitor (PAI-1), stimulated maximally by the com- 
bined effects of the hexapeptide angiotensin IV and aldosterone (Brown et al. 
2000 ). 

In the nephrotic syndrome, the juxtaglomerular cells are normal. They re- 
lease large amounts of renin because the loss of albumin in the urine shrinks ex- 
tracellular volume and decreases perfusion of the kidney. The adrenals respond 
by secreting large amounts of aldosterone. It is not known whether those large 
amounts of angiotensin and aldosterone damage the kidney further. 
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Deviations from proportionality between renin and aldosterone can be seen 
when the renal disease affects serum potassium. In Bartter’s and Gitelman’s syn- 
dromes, for example, renal tubular defects cause elevated renin release and ex- 
cessive urinary excretion of potassium (Gordon et al. 1993). High renin and an- 
giotensin levels stimulate aldosterone secretion, which further accentuates po- 
tassium loss. However, when serum potassium reaches very low levels, aldoster- 
one secretion is impaired and is less than one might predict from the very high 
plasma renin activity. 

Renal disease may directly influence the extent of aldosterone’s influence on 
potassium. If the disease that triggers renin release impairs renal excretion of 
potassium, high levels of aldosterone may not be able to deplete body stores or 
lower potassium concentration in serum. Similarly, if the renal disease reduces 
glomerular filtration of sodium, reducing the amounts that reach the distal tu- 
bule, high levels of aldosterone may not cause hypokalemia. 



3.2 

Extrarenal Diseases and Dietary Ingredients That Affect Aldosterone 

Increased plasma levels of aldosterone accompany elevated levels of renin when 
renal perfusion is compromised by clinical conditions originating outside of the 
kidneys. Principal among these is circulatory failure, frequently caused by heart 
disease. Activation of the RAAS in circulatory failure is caused by decreased re- 
nal perfusion amplified by heightened sympathetic nervous system activity 
(Cody et al. 1986). 

Although the increment in aldosterone is proportional to the increment in re- 
nin and angiotensin, and although these increases appropriately reflect circula- 
tory compromise, aldosterone and angiotensin may aggravate the underlying 
heart disease in several ways. By retaining sodium and increasing intravascular 
volume, aldosterone may increase cardiac output and ventricular work. By con- 
stricting peripheral arterioles, angiotensin may increase cardiac afterload and 
oxygen demand while impeding coronary blood flow. By stimulating fibrosis in 
vessel walls and hypertrophy in the myocardium, aldosterone and angiotensin 
may contribute to deleterious remodeling of cardiovascular structures (Weber 
2001). By stimulating production of an inhibitor of plasminogen activation, al- 
dosterone and angiotensin may impair clot lysis and accelerate atherosclerosis 
(Brown et al. 2000). 

For the reasons listed above, activation of the RAAS and production of in- 
creased amounts of aldosterone are now viewed as counterproductive responses 
to heart failure, even though they may seem to be appropriate responses to de- 
creased renal perfusion. This is another example of damage caused by the com- 
bined effects of angiotensins and aldosterone. Blockade of the RAAS, including 
direct antagonism of aldosterone, is a cornerstone of current therapy for heart 
failure (Pitt et al. 1999). 

Liver disease frequently causes perturbations of the RAAS. The best example 
is cirrhosis with ascites. The fibrotic liver and fluid-filled peritoneal cavity im- 
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pede venous return to the heart, so perfusion of the kidneys is reduced, stimu- 
lating renin release. If albumin production is also impaired, intravascular vol- 
ume is compromised, and renin release stimulated even more. Increased aldo- 
sterone production ensues, causing sodium retention and potassium excretion. 
Aldosterone levels are further increased if hepatic metabolism of steroids is im- 
paired (Burmeister et al. 1986). 

Cirrhosis can cause another vicious cycle in which excessive secretion of al- 
dosterone provides the extra sodium that supports intraperitoneal fluid accu- 
mulation, which, in turn, further impedes venous return and stimulates still 
more renin release. Advanced liver disease may provide one brake to this vi- 
cious cycle by hampering synthesis of renin substrate. Cirrhosis with ascites is 
commonly treated with cautious administration of aldosterone antagonists. 
Treatment with antagonists of angiotensin production or action are usually not 
used, because angiotensin’s pressor properties help maintain renal function and 
systemic blood pressure, and loss of these properties would be life-threatening. 

In animals and humans living under primitive conditions, the most common 
stimulation of the RAAS occurs following hemorrhage, diarrhea, or salt and wa- 
ter deprivation. Here, elevated production of aldosterone fits into the concerted 
response that protects intravascular volume. If the predominant threat is dehy- 
dration, so that extracellular fluid becomes hypertonic, aldosterone secretion 
may be lower than plasma renin levels would predict. Hypertonicity inhibits al- 
dosterone secretion by a direct effect on signal transduction in zona glomeru- 
losa cells (Schneider et al. 1985). This may prevent excessive retention of sodi- 
um when serum sodium levels are abnormally high. 

4 

Clinical Conditions in Which Aldosterone Is Increased Independent 
of Angiotensin 



4.1 

Adrenal Tumors 

Adenomas comprised of neoplastic zona glomerulosa cells produce aldosterone 
independent of angiotensin II. They are called aldosteronomas or aldosterone- 
producing adenomas (APA) (Conn et al. 1964). Because they are neoplastic and 
independent of the renin/angiotensin system, their production of aldosterone is 
far in excess of the amounts needed to maintain adequate intravascular fluid 
volume and normal extracellular potassium concentration. The clinical manifes- 
tations of aldosteronomas include hypertension and usually (but not always) hy- 
pokalemia. The clinical picture is called Conn’s syndrome. Although the large 
amounts of aldosterone produced by these tumors result in expanded extracel- 
lular fluid volume and abnormally large accumulations of total body sodium, 
they do not cause peripheral edema. That this situation is confusing reflects our 
ignorance of the mechanism of edema rather than our ignorance of the effects 
of aldosterone. Apparently, aldosterone-induced sodium retention alone is not 
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sufficient to cause edema, and edema can result from microvascular changes in 
the absence of sodium retention, as seen in patients receiving dihydropyridine 
calcium channel blocking drugs, for example. There is more to edema than salt 
and water. 

Aldosteronomas produce inappropriately large amounts of aldosterone, and 
the resulting increase in arterial pressure and blood volume provides ample per- 
fusion of the kidneys. As a result, renin release is suppressed to very low levels. 
The diagnostic hallmark of APAs is the combination of elevated plasma (or ur- 
ine) aldosterone and depressed plasma renin activity. 

Although most of the major clinical manifestations of APAs can be explained 
by the renal tubular actions of excessive aldosterone, there is some evidence that 
the degree of cardiac hypertrophy in these patients exceeds that predicted by 
the high arterial pressure (Schlaich et al. 2000). Since renin and angiotensin lev- 
els are suppressed in APA, the most likely mediator of that ventricular hypertro- 
phy is aldosterone. 

Aldosteronomas are not completely autonomous. The amount of aldosterone 
produced by these tumors depends to some extent on potassium. This is proba- 
bly a reflection of the need for intracellular potassium to support cell functions 
such as synthesis of critical proteins involved in steroidogenesis. Because aldos- 
teronomas cause potassium depletion, their output of aldosterone may be unim- 
pressive until total body potassium is replete (Cain et al. 1972). In addition to 
potassium, ACTH exerts a stimulatory effect on steroid production by APAs. 
ACTH levels in humans usually fall during the morning hours, while renin ac- 
tivity increases with ambulation. Reflecting the primacy of ACTH over angio- 
tensin in stimulating aldosteronomas, patients with Conn’s syndrome produce 
less and less aldosterone as they stand and move around in the morning, while 
normal subjects produce more and more (Schambelan et al. 1976). The best 
treatment of APAs is surgical removal. 

Carcinomas of the adrenal that produce aldosterone have been described. 
These are virtually unresponsive to classic regulators and are dangerously ma- 
lignant. Fortunately, they are rare (Neville and Symington 1966). 



4.2 

Adrenal Hyperplasia 

The adrenal zona glomerulosa can produce abnormally large amounts of aldo- 
sterone, out of proportion to the amount of circulating renin and angiotensin, 
by becoming hypertrophic, but not adenomatous. This clinical situation is 
termed idiopathic hyperaldosteronism (IHA) (Brown JJ et al. 1979). Patients 
with IHA have increased total body sodium, increased extracellular fluid, de- 
creased total body potassium and hypertension. They frequently are hypokale- 
mic, but not always. The adrenal cortex in IHA does not contain a single distinct 
neoplastic adenoma, but it usually contains one or more nodules. Although the 
nodules appear to be formed as a result of the same stimuli that produce hyper- 
plasia and increased aldosterone production in these glands, it is not clear that 
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the nodules themselves produce aldosterone (Nagae et al. 1991). The clinical 
manifestations of IHA can all be explained by the renal actions of excessive al- 
dosterone. 

By contrast with aldosterone-producing adenomas, adrenals in cases of idio- 
pathic hyperaldosteronism respond to angiotensin. In fact, they overrespond. 
This has been graphically demonstrated by investigators who derived curves de- 
picting the levels of aldosterone in response to infused angiotensin II (Brown 
RD et al. 1979). The slope of this curve was steeper in patients with IHA than in 
normal subjects or patients with adenomas. The basis of hyperresponsiveness 
to angiotensin II in IHA is unknown, but it may involve unusual amounts of 
one or more of the nonclassic secretagogues and inhibitors listed in Table 1. 
This mysterious humoral environment apparently can induce both growth and 
hyperresponsiveness in the adrenal cortex, but not necessarily in the same cells; 
the nodules may show the effects of growth promotion, and other cells produce 
excess aldosterone. 



4.3 

Low-Renin Essential Hypertension 

Approximately 25% of patients with essential hypertension have a combination 
of low circulating renin activity and normal levels of plasma aldosterone 
(Schalekamp et al. 1974). These people are hyperresponsive to angiotensin com- 
pared to normal subjects, and they form a continuum with patients who have 
hyperplastic adrenals (IHA) (Brown et al. 1979b). It is not certain that aldoster- 
one is responsible for the elevated blood pressure in low-renin essential hyper- 
tension (LREH). Plasma levels of the steroid are within the normal range, not as 
high as in AHA or IHA. One explanation for this situation is hyperresponsive- 
ness of both the adrenal and blood vessels to angiotensin. It is most likely that 
LREH is not a single entity. Some patients may have inapparent adrenal hyper- 
trophy or adenomas, some may simply have the depressed renin production that 
accompanies aging, and some may be producing an as-yet-unidentified pressor 
that weakly stimulates aldosterone production. 

5 

Miscellaneous Clinical Conditions with High Aldosterone 



5.1 

Obesity 

A correlation has been demonstrated between the amount of visceral or upper- 
body fat and plasma levels of aldosterone (Goodfriend et al. 1998, 1999). Aldo- 
sterone levels in obese subjects decline when they lose weight (Tuck et al. 1981). 
These observations imply that visceral fat stimulates secretion of aldosterone. 
The special role of visceral fat, as opposed to other fat deposits, may derive from 
its location within the portal venous circulation. Fatty acids released from vis- 
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ceral adipocytes would flow directly to the liver. The liver can oxidize fatty ac- 
ids, and it may be that some of those oxidized derivatives stimulate adrenal ste- 
roidogenesis. Stimulation of aldosterone production by linoleic acid epoxides 
has been demonstrated in vitro, but the relevance of these oxidized fatty acids 
to clinical conditions remains uncertain (Goodfriend et al. 2002). 



5.2 

Essential Hypertension 

The role of aldosterone in essential hypertension has been studied for decades 
but is still uncertain. It is conventional wisdom among clinicians that some hy- 
pertensive patients who do not have evidence of adrenal pathology respond dra- 
matically to treatment with aldosterone antagonists (Jeunemaitre et al. 1988). 
This observation alone provides strong evidence for the role of aldosterone in 
sustaining elevated blood pressure in these patients. The growing use of the 
plasma aldosterone/renin ratio to search for aldosteronomas and idiopathic hy- 
peraldosteronism and the availability of new aldosterone antagonists should 
help define patients in whom aldosterone is an important pressor despite the 
absence of classic adrenal syndromes (McKenna et al. 1991; Weinberger et al. 
2002). It will then be important to clarify the mechanism by which aldosterone 
became important to those patients. The possibilities include nonclassic aldo- 
sterone regulators (Table 1), mediators that sensitize the adrenal to secreta- 
gogues, desensitize it to inhibitors, or sensitize the kidney to aldosterone itself. 

Some patients with essential hypertension have plasma aldosterone levels that 
fail to suppress with infusion of saline solutions (Conlin et al. 1993). This would 
suggest that these nonmodulators have adrenal glands that are stimulated by 
nonclassic secretagogues, not the renin-angiotensin system. However, nonmod- 
ulators can be converted to modulators by treatment with angiotensin-convert- 
ing enzyme inhibitors, suggesting that their pathology resides in unusual angio- 
tensin formation, not unusual aldosterone secretion. 

6 

Miscellaneous Clinical Conditions with Low Aldosterone 



6.1 

Hyporeninemic Hypoaldosteronism 

Some renal diseases interfere with release of active renin. In some cases, pro-re- 
nin is released, but not activated (Luetscher et al. 1985). In these conditions, al- 
dosterone levels are reduced in proportion to the low renin activity. The most 
common disease associated with these changes is diabetes mellitus (de Chatel et 
al. 1977). Impaired release of active renin may precede other renal manifesta- 
tions of diabetes. Other renal diseases that may cause impaired release of active 
renin include various inflammatory conditions and lead poisoning. The clinical 
picture reflects the reduced electrolyte influence of aldosterone, causing hyper- 
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kalemia and systemic acidosis — the opposite of the hypokalemic alkalosis seen 
in patients with aldosteronomas. Another name for hyporeninemic hypoaldos- 
teronism is renal tubular acidosis type IV or RTA-Type IV. It is one of the most 
common causes of hyperkalemia in hospitalized patients with otherwise normal 
renal function. The persistence of low aldosterone secretion in the face of in- 
creased potassium emphasizes the synergy between angiotensin and potassium 
in regulating aldosterone production. 

One congenital defect in steroidogenesis can cause parallel suppression of 
renin release and reduced aldosterone secretion: I7-hydroxylase deficiency 
(Biglieri et al. 1966). This enzyme is not normally present in the zona glomeru- 
losa, but its absence from the zona fasciculata impacts indirectly on aldosterone 
production. In patients with I7-hydroxyIase deficiency, feedback inhibition of 
ACTH by glucocorticoids is relaxed. The resultant excess ACTH stimulates syn- 
thesis of steroids, some of which have mineralocorticoid activity such as deoxy- 
corticosterone and corticosterone. Sodium retention caused by these steroids 
suppresses renin release and reduces secretion of aldosterone. Although miner- 
alocorticoid activity is not deficient in these patients, glucocorticoid and sex 
steroid functions need to be replaced by exogenous hormone therapy. When 
glucocorticoids are administered, ACTH release is suppressed, steroid secretory 
patterns return to low levels, and mineralocorticoid regulation reverts to the 
RAAS again. 



6.2 

Hyper-reninemic Hypoaldosteronism 

Impaired secretion of aldosterone can lower circulating levels of the hormone 
despite normal or high plasma renin activity. Excluding inhibition of angioten- 
sin-converting enzyme activity, low aldosterone in the face of normal or high 
angiotensin II must be caused by a problem in the adrenal zona glomerulosa. 
Although the anatomic site of the impairment can be described, the biochemical 
lesion may be difficult to identify. For example, seriously ill patients can display 
low plasma aldosterone and high renin activity levels (Findling et al. 1987). 
Some of these patients have damaged adrenals, but most of them have normal 
glucocorticoid levels and normal cortisol responses to ACTH. Possible explana- 
tions of selective failure of the zona glomerulosa range from the inhibitory ef- 
fects of prolonged ACTH to inhibition by high levels of unesterified fatty acids 
and low levels of oxygen (Goodfriend et al. 1993). Some of the drugs commonly 
used in seriously ill patients can inhibit aldosteronogenesis. These include hepa- 
rin, cyclosporine, dopamine, and the preservative chlorbutanol found in some 
parenteral preparations (Sequeira and McKenna 1986). 

Congenital defects in steroidogenesis result in low aldosterone levels despite 
high plasma renin activity (Melby and Azar 2001). The enzymes whose deficien- 
cy would directly impair aldosterone biosynthesis are 1 1 -hydroxylase, 21 -hy- 
droxylase and corticosterone methyl oxidase (18-hydroxylase and oxidase.) 
However, 1 1 -hydroxylase deficiency induces excess ACTH release and produc- 
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tion of other mineralocorticoids such as deoxycorticosterone, so the lack of al- 
dosterone is not clinically apparent. 

7 

Conclusion 

Aldosterone is the effector of the RAAS that bears greatest responsibility for 
maintaining intravascular fluid volume and normal potassium levels. It also in- 
fluences synthesis of macromolecules in cardiovascular structures. Except for 
some neoplastic or destructive diseases of the adrenal, plasma levels of aldoster- 
one reflect the production of angiotensin by the RAAS. Use of aldosterone re- 
ceptor antagonists will reveal the precise role of aldosterone, as distinct from 
angiotensin, in human physiology and pathology. 
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Abstract Angiotensin-I-converting enzyme (ACE) has turned out to be a central 
target molecule in the successful treatment of many important cardiovascular 
diseases. The value of ACE inhibitors as therapeutic options has grown with ev- 
ery year over the past 2 decades, but our knowledge regarding the underlying 
mechanisms also increased. Today it seems that multiple interactions into the 
renin-angiotensin (RAS) and the kallikrein-kinin (KKS) system exist. This chap- 
ter summarizes what is currently known about these interactions between RAS 
and KKS, with a specific focus on two target organs: the endothelium and the 
heart. 
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1 

Introduction 

Small molecular weight inhibitors of the angiotensin-I-converting enzyme 
(ACE) bewitched the scientific community, because of their clear efficacy in im- 
portant cardiovascular indications such as hypertension, congestive heart fail- 
ure and prevention of atherosclerotic complications. The more scientists worked 
with these compounds in preclinical and clinical studies, the more it became 
clear that the mechanism of action needed to be subdivided into several signal 
transduction pathways, some of them only vaguely defined. The initial view was 
simplistic in that these inhibitors mainly interfere with the renin-angiotensin 
system (RAS) by blocking angiotensin-II (ANG-II) formation. Several studies 
demonstrated that interactions with the kallikrein-kinin system (KKS) con- 
tribute, via accumulation of bradykinin, to protective effects. Today, even this 
two-pronged mode of action does not sufficiently explain all facets of ACE in- 
hibitors. Additional components seem to exist such as resensitization of brady- 
kinin-subtype B 2 -receptors (B 2 kinin receptors). It has become more and more 
apparent that blocking ACE modulates both RAS and KKS at numerous interac- 
tion points. The aim of this chapter is to review our current knowledge on these 
interactions, especially with a focus on what we have learned from ACE inhibi- 
tion. 

2 

Early Clues for Interactions — Late Confirmation in Humans 

As is known today, the two different proteolytic reactions catalyzed by ACE, 
ANG-II formation and bradykinin degradation (see Fig. I), have synergistic ef- 
fects in experimental and clinical models. In the first days of ACE inhibitors 
however, kinin-related effects were often not clearly delineated despite early evi- 
dence delivered by several groups (for a detailed review see Linz et al. 1999). In 
preclinical models, the contribution of KKS was supported very early, when 
Clappison and co-workers studied the effects of captopril on renal hemodynam- 
ics in anesthetized dogs (Clappison et al. 1981). Although ACE inhibition led to 
increases in circulating angiotensin-I (ANG-I), plasma renin activity, and uri- 
nary bradykinin, no increase in circulating bradykinin was observed. Further- 
more, despite infusion of a competitive ANG-II receptor antagonist, ACE inhibi- 
tion was still associated with an increase in renal blood flow and mean arterial 
pressure. The inability to detect plasma levels of bradykinin in many studies 
misled researchers to exclude the kallikrein-kinin system as one possible route 
of action. As was later known, difficulties in the measurement of plasma kinins 
accounted for false- negative values of circulating bradykinin while under ACE 
inhibition. In 1994, Nussberger and co-workers first demonstrated an increase 
in plasma bradykinin under ACE inhibition in normal human subjects, based 
on improved extraction protocols and new high-affinity antisera (Pellacani et al. 
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angiotensinogen kininogens 




ANG-I 




bradykinin 

kallidin 



(inactive) fragments 

KKS 



Fig.1 Interaction between the renin angiotensin system (RAS) and the kallikrein-kinin system (KKS). 
When angiotensin l-converting enzyme (ACE) is inhibited angiotensin-ll formation (ANG-II) is reduced, 
whereas bradykinin and its N-terminally elongated analog kallidin accumulate. Both kinins activate the 
B2 kinin receptor 



1994). Since then, the two-pronged mode of action of RAS inhibition and KKS 
activation has become well established. 

3 

Systemic Versus Local Renin-Angiotensin and Kallikrein-Kinin Systems 

Although acute effects of ACE inhibition can be linked to transiently decreased 
levels of circulating ANG-Il, subchronic and chronic ACE inhibition lead to a 
dose-dependent rise in levels of circulating active renin and blood ANG-I, and 
no further reductions in plasma ANG-II levels (Moser et al. 1990). This compen- 
satory rise in plasma renin led to scrutinization of local RAS and KKS and their 
respective contributions to the long-term effects of ACE inhibition. The arrival 
of modern molecular biology and functional genomics provided answers to this 
question. To date, our accrued molecular knowledge on the expression of pre- 
cursors, enzymes, receptors and effector molecules within the RAS and KKS 
have risen dramatically (see Table 1). Many of these components are specifically 
if not selectively expressed in cardiovascular tissues. Today the question is not 
whether local systems exist, but in which orchestrations these components of lo- 
cal systems contribute. To summarize all knowledge of locally expressed RAS 
and KKS in different organs and diseases and the way they interact would be far 
beyond the scope of this chapter. We would like to focus on the endothelium 
and the heart, not arbitrarily, but rather because of the important roles ACE in- 
hibitors play in both organs. 
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Table 1 Components of the renin angiotensin and the kallikrein kinin system 


Precursor Protease 


Peptides* 


Receptors 




Downstream signal transduction 


Angioter!- Renin 


Specific 


Renin 


Renin 


Binding of renin to its receptor 


sinogen 


conversion of 
angiotensinogen 
to ANG-I 




receptor 


enhances enzymatic activity 
of angiotensin-independent 
signal transduction 
by intracellular kinases 


ACE 


Converts ANG-I 
to ANG-li 
degrades 
bradykinin 


ANG-I] 


AT] receptor 
subtype 


Intracellular signaling via 
calcium and kinases mediates 
non genomic and genomic 
effects 


Chymase 


Converts ANG-I 
to ANG-II 




AT 2 receptor 
subtype 


Activation of phosphatases 
Aaivation of tissue kallikrein 



and 82 kin in receptors 
Nitric OKide and prostacyclin 



ACE-2 


Converts ANG-I 
to Ang-(1-9) 
Converts ANG-II 
to Ang-(1-7) 
Nonangiotensin 
peptides^ 


? 






NEP24.1T 


ANG-I 


Ang-(l-7) 


Ang-{1-7) 


Activation of kallikreins? 


and peptidase 
24.15 


to Ang-[1-7) 




receptor*^ 


B 2 kinin receptor-mediated 
release of nitnc oxide 


Kininogen Tissue 
kallikrein 


Forms bradykinin 
(BK) 


BK 


6 j kinin 
receptor 


Nitric oxide and prostacyclin 


Kinin ase4 


Forms 

des-Arg’-BK 


des-Arg’-BK 


Qi kinin 
receptor 


Nitric oxide among other 
messengers? 



^ Not all angiotensin and bradykinin peptides are listed. 
^ For example, apelin-13 and dynorphin A 1-13. 
Neutral endopeptidase 24.11. 

^ Receptor not yet cloned. 



4 

Endothelial Renin-Angiotensin and Kallikrein-Kinin Systems 

Bakhle et al. (1965) discovered that ACE largely resided in pulmonary tissues, 
without specifying the cell type that contained ACE. Approximately half of all 
endothelial cells within the human body are located within the pulmonary vas- 
culature. Ryan and co-workers were among the first to demonstrate the major 
contribution of the endothelium to lung ACE activity (Ryan et al. 1975; Ryan 
1986). Four years before, Yang et al. (1971) showed that ACE is identical to kini- 
nase II. Thus, basic information had been collected very early to argue for the 
endothelium as an important interface between RAS and KKS. Many researchers 
may have underestimated the rich expression of ACE in endothelial cells, and 
assumed that the endothelium covers only passively blood vessels, with ACE lo- 
calized on the luminal side and serving only into the blood compartment. This 
paradigm shifted when it was recognized that the endothelium plays a dominant 
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role in cardiovascular homeostasis. The trigger for this shift may have been the 
identification of nitric oxide as an endothelial-derived relaxation factor. In the 
period following, several second messengers released and converted by endothe- 
lial cells were characterized, e.g., prostacyclin or endothelin. 

Since 1990 the relative contribution of the KKS in response to ACE inhibitors 
was further investigated in cultured endothelial cells (Schini et al.l990; Wiemer 
et al. 1991; Brotherton 1996; Wiemer et al. 1996; Wohlfart et al. 1997). Activation 
of endothelial B 2 kinin receptors, under ACE inhibition, leads via different sig- 
naling pathways to the release of prostacyclin, nitric oxide and endothelial-de- 
rived hyperpolarizing factor. Because ACE-inhibitors act in an autocrine man- 
ner, accumulation of locally formed kinins was postulated as the activating 
mechanism upstream of the B 2 kinin receptor. Indeed, in venous effluents from 
isolated rat hearts perfused with the ACE inhibitor ramipril, increased bradyki- 
nin concentrations were detected (Baumgarten et al. 1993). How endothelial 
cells synthesize kinins is less well characterized. We demonstrated that cultured 
human endothelial cells express significant amounts of tissue kallikrein, which 
likely serves in the local generation of kinins (Dedio et al. 2001). Menetton and 
co-workers provided elegant evidence for the importance of tissue kallikrein in 
cardiac and vascular physiology by generating mice lacking tissue kallikrein 
(Menetton et al. 2001). Among several observed cardiovascular abnormalities, 
these mice displayed an impaired flow-induced vasodilatation. Thus, tissue kal- 
likrein seems to be the main kinin-generating enzyme in vivo. 

Within the endothelium, many studies have revealed local expression of sev- 
eral RAS components. Early enzymatic and immunological measurements indi- 
cated that cultured endothelial cells express renin (Lilly et al. 1985). Due to con- 
troversies concerning the source of vascular renin, Xiao et al. (2000) studied re- 
nin mRNA and protein expression in cultured bovine aortic endothelial cells. 
Using monoclonal antibodies against human renin, immunocytochemical anal- 
yses revealed positive immune reactivity in the cytoplasm of the endothelium. 
In-situ hybridization showed renin mRNA in cytoplasm. In addition, ANG-II 
was quantified in conditioned medium. These findings demonstrate that endo- 
thelial cells contain all the essential components of the RAS, namely renin, an- 
giotensinogen and ACE. It is worth mentioning that the vasculature consists of 
more than the endothelium. However, although RAS components have been de- 
scribed in nonendothelial vascular cell types such as smooth muscle cells, the 
interaction between RAS and KKS in these vascular cells remains poorly de- 
fined. 

Sraer and co-workers further expanded the frontiers of vascular biology when 
they cloned a human gene, which when transfected into cells expressed not only 
renin- and pro-renin-specific binding sites, but also renin-dependent intracellu- 
lar signal transduction (Nguyen et al. 2002). Binding of renin to this receptor 
seems to accelerate the conversion of angiotensinogen to ANG-I. By confocal 
microscopy, the receptor was localized to the mesangium of glomeruli, and to 
the subendothelium of coronary and kidney arteries associated with smooth 
muscle cells and colocalized with renin. Because this receptor may also bind re- 
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nin derived from the circulation, it may form an important balancing point be- 
tween local and systemic RAS. Due to the intrinsic activity of this receptor, it 
seems possible that renin may exert actions independent of angiotensins. 

5 

Resensitization of B2 Kinin Receptors by ACE Inhibitors 

Endothelial bradykinin accumulation served to explain the mode of action of 
ACE inhibitors on endothelial cells. Surprisingly, an additional mechanism was 
identified leading to a similar downstream activation of kinin receptor cascades. 
Erdos and co-workers studied the effect of enalaprilat on the binding of radioac- 
tive labeled bradykinin to vehicle cells stably transfected with human B 2 kinin 
receptor, alone or in combination with ACE (Minshall et al. 1997). The ACE in- 
hibitor enhanced the binding of bradykinin, but only in the presence of both B 2 
kinin receptor and ACE. High-affinity binding sites were protected against re- 
ceptor internalization. All these effects were not found in cell lines devoid of 
ACE expression, and therefore can be explained by a direct effect of ACE inhibi- 
tion on B 2 kinin receptor desensitization. Importantly, some of these mecha- 
nisms were confirmed in native human endothelial cells with a different ACE in- 
hibitor (Benzing et al. 1999). Pre-treatment with ramiprilat significantly attenu- 
ated the recovery of B 2 kinin receptors in caveolin-rich membranes, which form 
within endothelial cells an important sub-cellular compartment enriched in sig- 
naling molecules. Moreover, ramiprilat resulted in enhanced recovery of B2 re- 
ceptor signaling in endothelial cells prestimulated with bradykinin. Further de- 
tails of bradykinin receptor desensitization were investigated in vehicle cell lines 
(Marcic and Erdos 2000; Marcic et al. 2000). However, several important ques- 
tions remain unanswered: for example, how does this interaction between the 
two membrane proteins occur, specifically under ACE inhibition. 

Whereas the results from these cellular experiments were further supported by 
studies in intact coronary arteries (Danser et al. 2000; Tom et al. 2001), kinin ac- 
cumulation in a micro milieu containing both membrane proteins was mentioned 
as an alternative explanation for the potentiation (Tom et al. 2002). It will be very 
difficult, if not impossible, to prove any influence of ACE inhibitors on kinin ac- 
cumulation in micro milieus. Currently, the cellular results indicate B 2 kinin re- 
ceptor resensitizing mechanisms as a more likely class effect of ACE inhibitors. 

6 

Effects of ACE Inhibition on Bi Kinin Receptors 

Along with the focus on ACE and B 2 kinin receptor interactions and on bradyki- 
nin accumulation, it should be taken into account that treatment with ACE in- 
hibitors not only decreases ANG-II and increases bradykinin levels, but may 
also favor the generation of the Bi kinin receptor agonist, des-Arg^-bradykinin, 
via the enzyme kininase-I (for a review see Marceau et al. 1998). As Bi and B 2 
kinin receptors are activated by different kinin peptides, it may be very interest- 
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ing to work on the interaction between ACE, ACE inhibitors and the Bi kinin re- 
ceptor system in more detail. This kinin receptor subtype is involved in inflam- 
mation and hyperalgesia; its role in cardiovascular disease is less well defined. 
In a recent study, Bascands and co-workers demonstrated the induction of vas- 
cular and renal Bi kinin receptors in normotensive rats and mice under chronic 
treatment with an ACE inhibitor (Marin-Castano et al. 2002). ACE inhibitors 
may also exert direct effects on the Bi kinin receptor (Ignjatovic et al. 2002). In 
this study with cultured cells, nanomolar concentrations of ACE inhibitors di- 
rectly activated human Bi kinin receptor, in the absence of ACE and a Bi kinin 
receptor agonist. These inhibitors may bind to a Zn^’^-binding motif, which is 
present in the Bi kinin receptor and in ACE but not in the B 2 kinin receptor. 
The only limitation of this study was the use of cultured cells. Direct actions of 
ACE inhibitors on Bi kinin receptor signaling should be confirmed in a whole 
vessel, perhaps after a cytokine challenge, to up-regulate this receptor subtype. 
Regardless of this insufficient confirmation in experimental animal models, a 
contributive role for Bi kinin receptor to the beneficial clinical effects of ACE 
inhibitors, cannot be excluded. Figure 2 summarizes the mechanisms how ACE 
inhibitors utilize a local endothelial KKS, via different transduction pathways. 



extracellular 



ABC 

Inactive 




Fig. 2A-C Interference sites of ACE inhibitors and the RAS and KKS as described in detail in the text. A 
By blocking bradykinin degradation, these peptides accumulate. ACE inhibition seems not to couple di- 
rectly to bradykinin anabolism in contrast to AT2-receptors. B On endothelial cell surfaces, increased 
receptor densities have been observed under ACE inhibition. Shown here is a direct stabilization of B2 
kinin receptors in a ternary complex with ACE and ACE inhibitor, which may be one way to explain the 
effects of ACE inhibitors on B2 kinin receptor sequestration. C ACE inhibition may also interfere with the 
Bi kinin receptor signaling. A direct activation of this bradykinin receptor subtype has been described 
only in cultured cells, whereas transcriptional Bi kinin receptor up-regulation has been found in vivo in 
rat and mice 
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namely kinin accumulation, post-transcriptional B 2 kinin receptor resensitiza- 
tion and Bi kinin receptor activation. 

7 

Direct Outside-in Signaling by ACE Inhibitors 

ACE is a so-called ectoprotein with a large extracellular domain containing both 
catalytic sites, a single transmembrane helix and a short intracellular tail. The 
entirely extracellular domain is released, in a regulated manner, in a process 
called ectodomain shedding, by the actions of metalloproteinases called ACE 
secretase (Connolly et al. 1995). For decades, the rather short transmembrane 
and cytoplasmic tail of ACE were regarded solely as an anchor for the extracel- 
lularly directed proteolytic activity. This view was recently questioned, when 
Fleming and colleagues reported that casein kinase 2 (CK-2) phosphorylated 
ACE at its short cytoplasmic tail (Kohlstedt et al. 2002a). Incubation of cultured 
endothelial cells with ANG-I and either bradykinin or an ACE inhibitor 
(ramiprilat or perindoprilat), enhanced this intracellular phosphorylation 
(Kohlstedt et al. 2002b). Furthermore, a CK-2 inhibitor inhibited both ectopro- 
tein shedding and phosphorylation of the cytoplasmic tail. Specific intracellular 
proteins such as BiP, a chaperone, several PKC isoforms and an unknown pro- 
tein with a mass of 225 kDa may associate with ACE and transduce intracellular 
phosphorylation into translocalization and ectoprotein shedding (Santhamma 
and Sen 2000; Kohlstedt et al. 2002b). This circular mechanism of outside-in fol- 
lowed by inside- out signaling certainly needs to be investigated further. It may 
open new sights onto the actions of ACE inhibitors, independent of ANG-II and 
bradykinin. It seems that by influencing ACE-ectoprotein shedding, and hence 
the ratio of tissue bound versus circulating ACE, ACE inhibitors interfere with 
the RAS in a totally unexpected way, different to other RAS modulators. 

8 

Angiotensin II Receptors in Endothelial Cells 

Both known ANG-II receptor subtypes are expressed in rat (Stoll et al. 1995) 
and human coronary artery endothelial cells (Li et al. 1999, 2000). ATi receptor 
activation promotes growth and apoptosis of endothelial cells, whereas the AT 2 
subtype has anti-proliferative effects. For a detailed review, the reader is referred 
to other chapters in this handbook. Here, we would like to focus on the role of 
the AT 2 receptor as a point of intersection between RAS and KKS. Because of 
low expression of this receptor subtype in normal tissues, it took a rather long 
time to identify and elaborate on its role in cardiac and vascular functions. Early 
work on cultured endothelial cells suggested beneficial counterbalancing effects 
of AT 2 stimulation through activation of the KKS and increased release of endo- 
thelial-derived nitric oxide (Wiemer et al. 1993; Korth et al. 1995; Seyedi et al. 
1995). Tissue kallikrein appears to be a mediator in this signal transduction pro- 
cess, as suggested by the blockade of ANG-II-induced relaxation in human um- 




Interactions Between the Renin-Angiotensin and the Kallikrein-Kinin System 367 



bilical veins by a specific tissue kallikrein inhibitor (Dedio et al. 2001). However, 
the signaling pathways downstream of the receptor are still poorly character- 
ized, with only some pieces of the puzzle known, for example, activation of ser- 
ine/threonine phosphatases. The KKS-activating mechanism of AT 2 stimulation 
was confirmed in vivo under chronic ATi receptor blockade in stroke-prone 
spontaneously hypertensive rats (Gohlke et al. 1996; Linz et al. 2000). Specific 
blockade of the ATi receptor redirects endogenously released ANG-II to the 
AT 2 . Stimulation of AT 2 with a subsequent increase in kinin synthesis, activation 
of kinin receptors, and release of endothelial-derived NO best explained why 
aortic tissue content of cGMP as surrogate marker for endothelial NO was in- 
creased under chronic ATj receptor blockade. 

Additional evidence was delivered in transgenic and knockout mice. Overex- 
pression of the AT 2 receptor by a factor of 5, in vascular smooth muscle did not 
affect aortic ATi receptor expression (Tsutsumi et al. 1999). However, chronic 
infusion of ANG-Il completely abolished the ATi-mediated pressor effect seen 
in wild- type animals. Aortic explants from transgenic mice showed significant 
increases in cGMP. Blocking B 2 kinin receptors or NO synthases, as well as re- 
moval of the endothelium, abolished these AT2-mediated effects. In B 2 kinin re- 
ceptor knockout mice, subchronically infused with low dose ANG-II, mean arte- 
rial blood pressure was higher on day 12 than in control animals (Cervenka et 
al. 2001). In contrast, no difference between transgenic and knockout animals 
could be observed when norepinephrine, instead of ANG-II, was used to in- 
crease blood pressure. These results from transgenic and knockout mice con- 
firmed that the KKS selectively buffers the activities of PAS. 

Like ACE inhibition, AT 2 stimulation also involves local kinins as paracrine 
and autocrine mediators. However, kinin synthesis is activated by AT 2 receptor 
stimulation, in contrast to ACE inhibitors, which blocks the degradation of per- 
manently released kinin. Can we expect higher efficacy by activating vascular 
KKS via direct AT 2 receptor stimulation? In spite of theoretical speculations, our 
experimental knowledge remains restricted by the lack of potent AT 2 agonists. 
Nevertheless, it would be worth comparing the vascular effects of an ACE inhib- 
itor with those of a selective AT 1 receptor antagonist as another means of redi- 
recting ANG-II to AT 2 . Coadministration of a specific bradykinin receptor an- 
tagonist may further elucidate the involvement of the KKS in response to specif- 
ic treatments. Unfortunately, such a study has not been performed so far. 

To date, ANG-II is not the only active angiotensin peptide generated within 
the RAS. At least two other biologically active fragments are formed by further 
cleavage of ANG-II, namely ANG-(2-8) (ANG-III) and ANG-(3-8) (ANG-IV). 
Although binding sites of these peptides have been described in cellular studies, 
specific receptors for these fragments have not yet been cloned. At this time, lit- 
tle is known of the possible interactions between RAS and KKS as mediated by 
these peptides. In contrast, another angiotensin peptide ANG-(l-7) has definite- 
ly been demonstrated to be involved in the interaction between RAS and KKS. 
Briefly, this peptide is directly formed from ANG-I by neutral endopeptidase 
and metalloendopeptidase. At least two different mechanisms explaining how 
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this peptide exerts its action are being discussed: ANG-(l-7) is converted by 
ACE to ANG-(l-5) and therefore may serve, at higher concentrations, as a com- 
petitive ACE inhibitor. Alternatively, hitherto undiscovered receptors may medi- 
ate B 2 kinin receptor activation with subsequent NO release from endothelial 
cells. The reader is referred to the chapter by Ferrario et al. in this handbook in 
which ANG-(l-7) is discussed in greater detail. 

9 

The Heart as a Target Organ 

With the focused interest on vascular KKS and RAS in the past decade, one won- 
ders whether all the discovered mechanisms sufficiently explain all the benefi- 
cial effects of ACE inhibition in heart disease patients, especially those with 
heart failure. The heart muscle comprises mostly cardiomyocytes. In heart fail- 
ure, a certain number of cardiomyocytes die off. A remodeling process starts in 
which cardiac fibroblasts replace the lost cardiomyocytes as scar tissue. Al- 
though cardiac muscles are well-vascularized and thus are sufficiently supplied 
with nutrients and oxygen, the relative contribution of endothelial versus car- 
diomyocyte RAS and KKS to ACE inhibition remains in question. 

Roscher and co-workers provided experimental evidence for functionally 
coupled B 2 kinin receptors in primary cultures of beating neonatal rat car- 
diomyocytes (Kasel et al. 1996). Radio-labeled bradykinin was much less de- 
graded in cell cultures incubated with captopril or ramipril, indicating a role for 
ACE in bradykinin degradation at the level of cardiomyocytes. Yamyama et al. 
(2000) detected kininogen and kallikrein mRNA expressions in neonatal rat car- 
diomyocytes and whole ventricle. All these results provide a basis for ACE inhi- 
bition, at the level of cardiomyocytes, by kinin receptor-mediated mechanisms. 

ACE inhibitors block left ventricular hypertrophy in vivo. A component of 
this effect has been attributed to cardiac accumulation of bradykinin. In a series 
of elegant cell culture experiments, Ritchie and co-workers demonstrated that 
bradykinin mediates this effect via endothelial-derived nitric oxide (Ritchie et 
al. 1998; Rosenkranz et al. 2002). When incubating rat neonatal and adult car- 
diomyocytes, bradykinin was found to be a hypertrophic agonist. However, in 
cocultures of rat adult cardiomyocytes with bovine endothelial cells, bradykinin 
did not induce hypertrophy. Furthermore, bradykinin abolished ANG-II-in- 
duced hypertrophy via a nitric oxide and cyclic GMP-dependent pathway. These 
results favor more a paracrine effect of ACE inhibitors on cardiomyocyte re- 
modeling via endothelial cells. 

Many components of the RAS were identified in the heart at both mRNA and 
protein levels and have been shown to be activated in experimental overload 
models (Suzuki et al. 1993). Cardiac myocytes and fibroblasts are able to pro- 
duce ANG-I and ANG-II, thus providing direct evidence that cardiac tissue has 
its own functional RAS (Dostal et al. 1992). Furthermore, not only does ANG-II 
indirectly promote left ventricular hypertrophy and remodeling via an increase 
in peripheral resistance and pressure overload, but also directly via ATi-mediat- 
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ed signal transduction in cardiomyocytes and cardiac fibroblasts. These include 
short-term intracellular responses such as calcium mobilization and alterations 
of ionic conductances. Various longer-term effects are also triggered by ATi re- 
ceptor activation, including release of growth factors such as transforming 
growth factor j5\ and insulin-like growth factor, stimulation of fetal phenotype 
reprogramming, and release of local hormones, e.g., endothelin and norepi- 
nephrine (for a review, see the chapters by Conchon and Clauser, Vauquelin and 
Vanderheyden, Wassman and Nickening, Ferrario et al., and Regitz-Zagrosek, 
this volume). Cardiomyocytes possess AT 2 receptors, but no physiological role 
has been ascribed to date; potentially, they may be counteracting AT 1 -mediated 
effects (Yamazaki et al. 1998). 

Research on cardiac RAS was furthered encouraged by the cloning of ACE2, a 
novel ACE-related carboxy peptidase (Donoghue et al. 2000). In contrast to 
ACE, ACE2 hydrolyzes solely the carboxy- terminal amino acid of ANG-I, to gen- 
erate angiotensin-(l-9) instead of ANG-II. Angiotensin-(l-9) is further convert- 
ed to shorter angiotensin peptides by ACE and other convertases. Despite these 
initial findings, which peptide is the main substrate of ACE2 remains to be 
investigated. Using purified ACE2 against a panel of 126 biological peptides, 
eleven of the peptides were hydrolyzed by ACE2, of which three peptides exhib- 
ited high catalytic efficiency: ANG-II, apelin-13, and dynorphin. Additionally, 
ACE2 enzymatic activity is clearly higher with ANG-II than ANG-I as substrate 
(Vickers et al. 2002). 

Nonredundancy between ACE and ACE2 is further supported by the fact that 
ACE inhibitors do not inhibit ACE2 activity, and both proteins display different 
tissue expression profiles. ACE2 transcripts are specifically expressed in heart, 
kidney and testis of 23 human tissues tested. Immunohistochemistry demon- 
strated ACE2 protein expression predominantly in the endothelium of coronary 
and intrarenal vessels and in renal tubular epithelium. Targeted disruption of 
ACE2 in mice results in a severe cardiac contractile defect, increased ANG-II 
levels, and up-regulation of hypoxia-induced genes in the heart, demonstrating 
an essential role for ACE2 in heart function (Crackower et al. 2002). Despite 
some sequence and domain homologies, it seems that ACE2 and ACE are bio- 
chemically, physiologically and pharmacologically distinct. 

Among several potential ANG-II-forming pathways, chymases have been 
identified as the protease responsible for the formation of more than 80% of 
ANG-II in the human heart (Urata et al. 1990). Although this finding has evoked 
great interest in ANG-II formation pathways as alternative targets to ACE, the 
functional importance and pathophysiological relevance of these pathways, and 
especially of chymase, remains to be clarified. Research on this topic is certainly 
complicated in that, like ACE, ACE2 and chymase also use non-angiotensin pep- 
tides as substrates. Therefore, it will be difficult to assign effects in more com- 
plex genetic and pharmacological models solely to the RAS. The only selective 
protease identified in decades of research on PAS is still renin. 
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10 

Conclusions 

Angiotensin I-converting enzyme is an important central node in interactions 
between the RAS and KKS. Inhibitors of this protease may work via mecha- 
nisms other than those of ANG-II reduction and bradykinin accumulation such 
as B2 kinin receptor resensitization and ACE-mediated outside-in signaling. 
ACE is not the only intersection between both systems; the vascular AT2 recep- 
tor forms another important nodal point. Today, we know that local RAS and 
KKS exist within the endothelium and heart muscle. Molecular biology has en- 
abled us to recognize new emerging players in the orchestra of RAS and KKS 
components such as renin receptor, ACE 2 and chymases. 

Acknowledgements. We would like to thank Dr. Jurgen Dedio for carefully reviewing this 
manuscript and for helpful discussions. 



References 

Baumgarten CR, Linz W, Kunkel G, Scholkens BA, Wiemer G (1993) Ramiprilat increases 
bradykinin outflow from isolated hearts of rat. Br J Pharmacol 108:293-955 
Benzing T, Fleming 1, Blaukat A, Miiller-Esterl W, Busse R (1999) Angiotensin-converting 
enzyme inhibitor ramiprilat interferes with the sequestration of the B 2 kinin receptor 
within the plasma membrane of native endothelial cells. Circulation 99:2034-2040 
Brotherton AFA (1996) Induction of prostacyclin biosynthesis is closely associated with 
guanosine 3’,5’-cyclic monophosphate accumulation in cultured human endothelium. 
JClin Invest 78:1253-1260 

Cervenka L, Maly J, Karasova L, Simova M, Vitko S, Hellerova S, Heller J, El-Dahr SS 
(2001) Angiotensin Il-induced hypertension in bradykinin B 2 receptor knockout 
mice. Hypertension 37:967-973 

Clappison BH, Anderson WP, Johnston Cl (1981) Renal hemodynamics and renal kinins 
after angiotensin-converting enzyme inhibition. Kidney Int 20:615-620 
Connolly C, Oppong SY, Turner AJ, Hooper NM (1995) Purification and characterization 
of the angiotensin converting enzyme secretase. Biochem Soc Trans 23:5518 
Crackower MA, Sarao R, Oudit GY, Yagil C, Kozieradzki I, Scanga SE, Oliveira-dos-Santos 
AJ, da Costa J, Zhang L, Pei Y, Scholey J, Ferrario CM, Manoukian AS, Chappell MC, 
Backx PH, Yagil Y, Penninger JM (2002) Angiotensin-converting enzyme 2 is an es- 
sential regulator of heart function. Nature 417:822-828 
Danser AHJ, Tom B, de Vries R, Saxena PR (2000) L-NAME resistant bradykinin-induced 
relaxation in porcine coronary arteries is NO-dependent: effect of ACE inhibition. Br 
J Pharmacol 131:195-202 

Dedio J, Wiemer G, Riitten H, Dendorfer A, Scholkens BA, Miiller-Esterl W, Wohifart P 
(2001) Tissue kallikrein KLKl is expressed de novo in endothelial cells and mediates 
relaxation of human umbilical veins. Biol Chem 382:1483-1490 
Donoghue M, Hsieh F, Baronas E, Godbout K, Gosselin M, Stagliano N, Donovan M, 
Woolf B, Robison K, Jeyaseelan R, Breitbart RE, Acton S (2000) A novel angiotensin- 
converting enzyme-related carboxypeptidase (ACE2) converts angiotensin I to angio- 
tensin 1-9. Circ Res 2000 87:1-9 




Interactions Between the Renin-Angiotensin and the Kallikrein-Kinin System 371 



Dostal DE, Rothblum KN, Conrad KM, Cooper GR, Baker KM (1992) Detection of angio- 
tensin I and II in cultured rat cardiac myocytes and fibroblasts. Am J Pbysiol 
263:C851-C863 

Goblke P, Linz W, Scbolkens BA, Wiemer G, Unger T (1996) Cardiac and vascular effects 
of long-term losartan treatment in stroke-prone spontaneously hypertensive rats. Hy- 
pertension 28:397-402 

Ignjatovic T, Tan F, Brovko vycb V, Skidgel RA, Erdos EG (2002) Novel mode of action of 
angiotensin I converting enzyme inhibitors: direct activation of bradykinin B1 recep- 
tor. J Biol Chem 277:16847-16852 

Kasel AM, Faussner A, Pfeifer A, Muller U, Werdan K, Roscher A A (1996) B 2 bradykinin 
receptors in cultured neonatal rat cardiomyocytes mediate a negative chronotropic 
and negative inotropic response. Diabetes 45 [Suppl 1]:S44-S50 

Kohlstedt K, Shoghi F, Miiller-Esterl W, Busse R, Fleming I (2002a). CK2 phosphorylates 
the angiotensin-converting enzyme and regulates its retention in the endothelial cell 
plasma membrane. Circ Res 91:749-756 

Kohlstedt K, Miiller-Esterl W, Busse R, Fleming I (2002b) The angiotensin converting en- 
zyme (ACE) is a signal transduction molecule. Circulation 106 [Suppl]:1112 

Korth P, Fink E, Linz W, Schdlkens BA, Wohlfart P, Wiemer G (1995) Angiotensin II re- 
ceptor subtype-stimulated formation of endothelial cyclic GMP and prostacyclin is 
accompanied by an enhanced release of endogenous kinins. Pharm Pharmacol Lett 
5:124-127 

Li D, Yang B, Philips MI, Mehta }L (1999) Pro-apoptotic effects of ANG II in human coro- 
nary artery endothelial cells: role of ATI receptor and PKC activation. Am J Physiol 
1999 276:H786-H792 

Li D, Saldeen T, Romeo, F, Mehta J (2000) Oxidized LDL upregulates angiotensin II type 1 
receptor expression in cultured human coronary artery endothelial cells. Circulation 
102:1970-1976 

Lilly LS, Pratt RE, Alexander RW, Larson DM, Ellison KE, Gimbrone MA Jr, Dzau VJ 
(1985) Renin expression by vascular endothelial cells in culture. Circ Res 57:312-318 

Linz W, Wohlfart P, Scholkens BA, Malinski T, Wiemer G (1999) Interactions among ACE, 
kinins and NO. Cardiovasc Res 43:549-561 

Marin-Castano ME, Schanstra ]P, Neau E, Praddaude F, Pecher C, Ader JL, Girolami JP, 
Bascands JL (2002) Induction of functional bradykinin Bi-receptors in normotensive 
rats and mice under chronic angiotensin-converting enzyme inhibitor treatment. 
Circulation 105:627-632 

Marceau F, Hess JF, Bacharov DR (1998) The Bi -receptors for kinins. Pharmacol Rev 
50:357-386 

Marcic BM, Erdos EG (2000) Protein kinase C and phosphatase inhibitors block the abil- 
ity of angiotensin I-converting enzyme inhibitors to resensitize the receptor to bra- 
dykinin without altering the primary effects of bradykinin. J Pharmacol Exp Ther 
294:605-612 

Marcic B, Deddish PA, Skidgel RA, Erdos EG, Minshall RD, Tan F (2000) Replacement of 
the transmembrane anchor in angiotensin I-converting enzyme (ACE) with a glyco- 
sylphosphatidylinositol tail affects activation of the B 2 bradykinin receptor by ACE 
inhibitors. J Biol Chem 275:16110-16118 

Meneton P, Bloch- Faure M, Hagege A A, Ruetten H, Huang W, Bergaya S, Ceiler D, 
Gehring D, Martins I, Salmon G, Boulanger CM, Nussberger J, Crozatier B, Gasc JM, 
Heudes D, Bruneval P, Doetschman T, Menard J, Alhenc-Gelas F (2001) Cardiovascu- 
lar abnormalities with normal blood pressure in tissue kallikrein- deficient mice. Proc 
Natl Acad Sci U S A 27:2634-2639 

Minshall RD, Tan F, Nakamura F, Rabito SF, Becker RP, Marcic B, Erdos EG (1997) Poten- 
tiation of the actions of bradykinin by angiotensin I-converting enzyme inhibitors. 
The role of expressed human bradykinin B 2 receptors and angiotensin I-converting 
enzyme in CHO cells. Circ Res 81:848-856 




372 R Wohifart • G. Wiemer 



Mooser V, Nussberger J, Juillerat L, Burnier M, Waeber B, Bidiville J, Pauly N, Brunner 
HR (1990) Reactive hyperreninemia is a major determinant of plasma angiotensin II 
during ACE inhibition. J Cardiovasc Pharmacol 15:276-282 
Nguyen G, Delarue F, Burclde C, Bouzhir L, Giller T, Sraer JD (2002) Pivotal role of the 
renin/prorenin receptor in angiotensin II production and cellular responses to renin. 
I Clin Invest 109:1417-1427 

Pellacani A, Brunner HR, Nussberger J (1994) Plasma kinins increase after angiotensin- 
converting enzyme inhibition in human subjects. Clin Sci (Lond) 87:567-574 
Ritchie RH, Marsh JD, Lancaster WD, Diglio CA, Schiebinger RJ (1998) Bradykinin 
blocks angiotensin Il-induced hypertrophy in the presence of endothelial cells. Hy- 
pertension 31:39-44 

Rosenkranz AC, Hood SG, Woods RL, Dusting GJ, Ritchie RH (2002) Acute antihyper- 
trophic actions of bradykinin in the rat heart: importance of cyclic GMP. Hyperten- 
sion 40:498-503 

Ryan JW, Ryan US, Schultz DR, Whitaker C, Chung A (1975) Subcellular localization of 
pulmonary angiotensin-converting enzyme (kininase II). Biochem J 146:497-499 
Ryan US (1986) Metabolic activity of endothelium: modulations of structure and func- 
tion. Annu Rev Physiol 48:263-277 

Santhamma K, Sen I (2000). Specific cellular proteins associate with angiotensin-convert- 
ing enzyme and regulate its intracellular transport and cleavage- secretion. J Biol 
Chem 275:23253-23258 

Seyedi N, Xu X, Nasjletti A, Hintze T (1995) Coronary kinin generation mediates nitric 
oxide release after angiotensin receptor stimulation. Hypertension 26:164-170 
Schini VB, Boulanger C, Regoli D, Vanhoutte PM (1990) Bradykinin stimulates the pro- 
duction of cyclic GMP via activation of B 2 kinin receptors in cultured porcine aortic 
endothelial cells. J Pharmacol Exp Ther 252:581-585 
Stoll M, Steckelings UM, Paul M, Bottari SP, Metzger R, Unger T (1995) The angiotensin 
AT 2 -receptor mediates inhibition of cell proliferation in coronary endothelial cells. 
JClin Invest 95:651-657 

Suzuki J, Masubara H, Urakami M, Inada M (1993) Rat angiotensin II (type lA) receptor 
mRNA regulation and subtype expression in myocardial growth and hypertrophy. 
Circ Res 73:439-447 

Tom B, de Vries R, Saxena PR, Danser AHJ (2001) Bradykinin potentiation by angioten- 
sin- (1-7) and angiotensin-converting enzyme (ACE) inhibitors correlates with ACE 
C- and N-domain blockade. Hypertension 28:95-99 
Tom B, Dendorfer A, de Vries R, Saxena PR, Danser AHJ (2002) Bradykinin potentiation 
by ACE inhibitors: a matter of metabolism. Br J Pharmacol 137:276-284 
Tsutsumi Y, Matsubara H, Masaki H, Kurihara H, Murasawa S, Takai S, Miyazaki M, 
Nozawa Y, Ozono R, Nakagawa K, Miwa T, Kawada N, Mori Y, Shibasaki Y, Tanaka Y, 
Fujiyama S, Koyama Y, Fujiyama A, Takahashi H, Iwasaka T (1999) Angiotensin II 
type 2 receptor overexpression activates the vascular kinin system and causes vasodi- 
lation. J Clin Invest 104:925-935 

Urata H, Kinoshita A, Misono KS, Bumpus EM, Husain A (1990) Identification of a highly 
specific chymase as the major angiotensin Il-forming enzyme in the human heart. 
J Biol Chem 265:22348-22357 

Vickers C, Hales P, Kaushik V, Dick L, Gavin J, Tang J, Godbout K, Parsons T, Baronas E, 
Hsieh F, Acton S, Patane M, Nichols A, Tummino P (2002) Hydrolysis of biological 
peptides by human angiotensin-converting enzyme- related carboxypeptidase. J Biol 
Chem 277:14838-14843 

Wohifart P, Dedio J, Wirth K, Scholkens BA, Wiemer G (1997) Different Bi kinin receptor 
expression and pharmacology in endothelial cells of different origins and species. 
J Pharmacol Exp Ther 280:1109-1116 




Interactions Between the Renin-Angiotensin and the Kallikrein-Kinin System 373 



Wiemer G, Scholkens BA, Becker RHA, Busse R (1991) Ramiprilat enhances endothelial 
autoacoid formation by inhibiting breakdown of endothelium-derived bradykinin. 
Hypertension 18:558-563 

Wiemer G, Scholkens BA, Busse R, Wagner A, Heitsch H, Linz W (1993) The functional 
role of angiotensin ll-subtype AT 2 -receptors in endothelial cells and isolated isch- 
emic rat hearts. Pharm Pharmacol Lett 3:24-27 

Wiemer G, Pierchala B, Mesaros S, Scholkens BA, Malinski T (1996) Direct measurement 
of nitric oxide release from cultured endothelial cells stimulated by bradykinin or 
ramiprilat. Endothelium 4:119-125 

Xiao F, Puddefoot JR, Vinson GP (2000) The expression of renin and the formation of an- 
giotensin 11 in bovine aortic endothelial cells. J Endocrinol 164:207-214 

Yamazaki T, Komuro I, Yazaki Y (1998) Signalling pathways for cardiac hypertrophy. Cell 
Signal 10:693-698 

Yayama K, Nagaoka M, Takano M, Okamoto H (2000) Expression of kininogen, kallikrein 
and kinin receptor genes by rat cardiomyocytes. Biochim Biophys Acta 1495:69-77 




ACE Inhibitors: Pharmacology 

P. Gohlke^ • B. A. Scholkens^ 

* Institute of Pharmacology, University Hospital Schleswig-Holstein, Campus Kiel, 
Hospitalstrasse 4, 24105 Kiel, Germany 
e-mail: peter.gohlke@pharmakologie.uni-kiel.de 
^ Aventis Deutschland GmbH, Frankfurt, Germany 



1 Introduction 376 

2 Pharmacology 377 

2.1 Classification of ACE Inhibitors 377 

2.2 Pharmacokinetics 379 

2.3 Mechanism 380 

2.4 Inhibition of Tissue ACE 382 

2.5 Adverse Effects 383 

3 Therapeutic Use 383 

3.1 Hypertension 384 

3.2 Congestive Heart Failure 385 

3.3 Myocardial Ischaemia (Myocardial Infarction and Coronary Heart Disease) . . 387 

3.3.1 Effect of Pretreatment with an ACE Inhibitor 387 

3.3.2 Effect of Early Treatment 388 

3.3.3 Effect of Delayed Treatment 388 

3.3.4 Effects of Late Treatment 389 

3.4 Cardiovascular Hypertrophy and Remodelling 390 

3.5 Angiogenesis 392 

3.6 Endothelial Dysfunction 393 

3.7 Atherosclerosis 394 

3.8 Nephroprotection 396 

3.9 Diabetes Mellitus 397 

3.10 Cognitive Enhancement 399 

References 400 



Abstract More than 15 inhibitors of the angiotensin-converting enzyme (ACE) 
are now clinically available worldwide. ACE inhibitors can be divided into three 
chemical classes according to their zinc ligand. They mainly differ in their elim- 
ination half-life, potency, lipophilicity and the route of elimination. ACE in- 
hibitors act by blocking the systemic and local generation of angiotensin II 
(Ang II) from angiotensin I (Ang I) and by inhibiting the degradation of kinins. 
Experimental studies have shown that both actions of the ACE inhibitors are im- 
portant for their antihypertensive and organ-protective actions. ACE inhibitors 
effectively lower blood pressure and prevent or reverse the hypertension-in- 
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duced cardiac and vascular structural changes. In addition, ACE inhibitors can 
improve cardiac function and prevent cardiac remodelling in animals with ex- 
perimentally induced heart failure and are beneficial when administered at vari- 
ous time points before and after myocardial infarction. ACE inhibitors can ef- 
fectively prevent or regress endothelial dysfunction, induced, for example, by 
high blood pressure, and exert antiatherosclerotic effects. Inhibition of the local 
formation of proinflammatory Ang II has been shown to be a promising thera- 
peutic approach to stabilize plaque and prevent its rupturing. Several studies 
have also revealed nephroprotective effects of ACE inhibitors. Finally, ACE inhi- 
bition improve insulin resistance and insulin sensitivity and reduce albuminuria 
and microalbuminuria in experimental models of diabetes mellitus. In summa- 
ry, ACE inhibitors not only lower blood pressure but also positively influence a 
number of cardiovascular risk factors such as cardiac and vascular hypertrophy, 
endothelial dysfunction, atherosclerosis or insulin resistance. These effects help 
to explain their clinical benefit in heart failure, postmyocardial infarction, 
chronic renal insufficiency and diabetes mellitus. 

Keywords ACE inhibitor • Pharmacology • Hypertension • Congestive heart 
failure • Myocardial infarction • Hypertrophy • Endothelial dysfunction • 
Atherosclerosis • Nephroprotection • Diabetes mellitus 

1 

Introduction 

The first specific angiotensin converting enzyme (ACE) inhibitors were small 
peptides, isolated from snake venom (Ferreira et al. 1970; Ondetti et al. 1971). 
The most potent nonapeptide, teprotide, turned out to be an effective drug for 
the treatment of hypertension but had to be applied by the intravenous route 
(Gavras et al. 1974). The development of orally available, nonpeptide ACE in- 
hibitors was achieved by Cushman et al. (1977) and Ondetti et al. (1977). ACE 
inhibitors were first introduced in 1981 for the treatment of hypertension. Since 
then several additional indications have been identified as a result of clinical 
studies showing a reduction in morbidity and mortality in congestive heart fail- 
ure, postmyocardial infarction, chronic renal insufficiency, atherosclerotic dis- 
eases and diabetes mellitus following ACE inhibitor treatment. ACE, the target 
enzyme of ACE inhibitors, is widely distributed in different tissue and cell types. 
Most prominently, it is localized at the luminal surface of the vascular endothe- 
lium but has also been found in body fluids (plasma, cerebrospinal fluid), in 
epithelial cells of the kidney (tubular brush border), gastrointestinal tract, testis 
and also in epithelial and neuronal structures in the brain (Erdos 1975; Erdos 
and Skidgel 1987). ACE is involved in the renin angiotensin system, where it 
converts angiotensin I (Ang I) to angiotensin II (Ang II), but it also hydrolyses 
other biologically active peptides such as bradykinin, substance P, enkephalins 
and luteinizing hormone releasing hormone (LHRH) (Unger et al. 1990; Salvetti 
1990; Erdos 1975). Due to this broad substrate specificity and distribution pat- 
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tern ACE has been implicated in a number of physiological and pathophysiolog- 
ical processes such as neuropeptide metabolism, immunity, reproduction or di- 
gestion (Ehlers and Riordan 1989). 

2 

Pharmacology 



2.1 

Classification of ACE Inhibitors 

ACE inhibitors are slow- and tight-binding competitive inhibitors {K[ values 
IQ-iO-lO'^^) of ACE. They interact with the constituents of the enzyme’s active 
site, i.e. the positively charged group, the hydrophobic pocket, the Zn^'^ ion and 
auxiliary binding sites. The inhibitory activities of ACE inhibitors are largely de- 
termined by the strength of binding of the zinc ligand and by the number of 
auxiliary binding sites within the active centres of ACE (Biinning 1987; Ondetti 
1988; Wyvratt 1988). Differences in binding characteristics may largely help to 
explain the differences with respect to potency and duration of action between 
several ACE inhibitors. 

ACE inhibitors can be classified in three general chemical classes according 
to their zinc ligand. (Kostis 1989; Ondetti 1988; Unger et al. 1990; Wyvratt 1988) 
(Fig. 1). Captopril, the first clinically available ACE inhibitor, belongs to the 
group of sulfhydryl (SH)-containing ACE inhibitors. The SH group of captopril 
and its analogues make up a strong zinc ligand, but undergo a complex pattern 
of reversible modifications through interactions with endogenous SH-contain- 
ing compounds to form, for example, disulphides. This process limits their 
duration of action and explains the short half-life of captopril (Drummer and 
Jarrott 1986; Duchin et al. 1982). It has been claimed that SH-containing ACE 
inhibitors act as scavengers of cytotoxic oxygen-derived free radicals and may 
thus have advantages in the treatment of myocardial ischaemia or reperfusion 
injuries (Chopra et al. 1990; Westlin and Mullane 1988). However, other studies 
did not support these observations and were not able to detect an inhibitory ef- 
fect of SH-containing compounds, including captopril on superoxide radical 
generation when used in clinically relevant doses (Kukreja et al. 1990; Mehta et 
al. 1990). Therefore, the physiological significance of the claimed scavenging ef- 
fect of captopril is still unclear. Furthermore, it has been suggested that SH-con- 
taining ACE inhibitors can potentiate the vasodilatory and antianginal effects of 
organic nitrates (Metelitsa et al. 1992; van Gilst et al. 1987), as has been shown 
for other SH donors such as N-acetylcysteine (Horowitz et al. 1983; Winniford 
et al. 1986). 

The majority of ACE inhibitors such as enalapril and its analogues contain a 
carboxyl group (Fig. 1). Although the carboxyl group is a relatively weak zinc 
ligand when compared to the SH group, this drawback is overcome by the in- 
corporation of additional side chains which bind to auxiliary binding sides 
within the active centre of ACE, thus improving the potency and the duration of 
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Fig.l Chemical structures of sulfhydryl-containing, carboxyl-containing and phosphorus-containing 
angiotensin-converting enzyme inhibitors registered in European Union countries. With the exception 
of captopril and lisinopril, all ACE inhibitors are prodrugs which have to be converted to the active drug 
by enzymatic cleavage 
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action (Wyvratt 1988). Thus, carboxyl-containing ACE inhibitors are in general 
more potent than captopril when assessed by the IC50 values, i.e. the concentra- 
tion necessary to inhibit 50% of the enzyme activity (usually from rabbit lung). 
However, the active diacid forms of this chemical class are poorly absorbed, 
which produces a limited bioavailability (Ulm 1983). This problem has been 
solved by the introduction of ethylester prodrugs which will be hydrolytically 
activated upon absorption (Todd and Heel 1986; Ulm 1983). The only exception 
is lisinopril, a lysin derivative of enalaprilat, which is orally active as a diacid 
(Lancaster and Todd 1988). Fosinopril is an ACE inhibitor that contains a phos- 
phinyl group as zinc ligand (Fig. 1) and is characterized by an in vitro potency 
similar to captopril but by a longer duration of action in vivo (Ondetti 1988). 

Earlier studies suggested that only one catalytically active site is present in 
the ACE molecule. Firstly, from the analysis of the zinc content of ACE, it was 
claimed that only a single zinc atom was bound per molecule of ACE (Biinning 
and Riordan 1985). Secondly, inhibitor binding studies with radiolabelled ACE 
inhibitors detected a single active site per ACE molecule (Cumin et al. 1989). 
However, recent findings from molecular biological studies and in vitro muta- 
genesis studies have demonstrated the existence of two catalytic sites within two 
homologous domains of ACE (Bernstein et al. 1989; Soubrier et al. 1988, 1993) 
each of which binds one zinc atom (Ehlers and Riordan 1991). The demonstra- 
tion of two active sites in ACE is of particular interest with respect to ACE in- 
hibitor binding and substrate selectivity. Firstly, the two active sites may differ 
in their selectivity to known substrates for ACE (e.g. Ang 11, bradykinin, sub- 
stance P). Secondly, ACE inhibitors of different structures and different zinc lig- 
ands may be differentiated by their interactions with the two putative active en- 
zymatic sites. 



2.2 

Pharmacokinetics 

Differences among ACE inhibitors with regard to their elimination half-lifes, po- 
tency, lipophilicity and route of elimination have been discussed intensively in 
recent reviews (Brown and Vaughan 1998; Kelly and O’Malley 1990; Leonetti 
and Cuspidi 1995; Salvetti 1990; Song and White 2002; Thind 1990; Unger and 
Gohlke 1994; Unger et al. 1990). Among the pharmacokinetic properties, the ter- 
minal half-life and the route of elimination appear to be the most relevant pa- 
rameters. The terminal half-life reflects the affinity and the binding strength of 
an ACE inhibitor to ACE, which is related to the duration of the antihyperten- 
sive action of an ACE inhibitor. Therefore, drugs with a very short terminal 
half-life and weak binding to ACE such as captopril have to be administered two 
to three times a day, while drugs with a long terminal half-life and strong bind- 
ing to ACE such as ramipril can be administered once daily. The route of elimi- 
nation may be relevant in patients with kidney or liver disease. Most ACE in- 
hibitors are eliminated by renal mechanism. However, some ACE inhibitors 
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such as ramipril, spirapril, trandolapril and particularly fosinopril were elimi- 
nated by both the renal and hepatic mechanism. 



2.3 

Mechanism 

Inhibition of ACE in the vascular endothelium of the lung and other organs and, 
to a minor extent, in the blood plasma accounts for the reduction in circulating 
Ang II levels (Fig. 2). Most of the experimental and clinical studies investigating 
the acute effects of ACE inhibitors on blood pressure demonstrated the expected 
changes in the parameters of the RAS. ACE activity was decreased, Ang II was 
lowered and Ang I was increased. Due to the withdrawal of the negative feed- 
back of Ang II, renin activity was increased, leading to decreased angiotensino- 
gen concentrations due to enhanced consumption (Unger and Gohike 1994). 
The reduction of circulating Ang II levels in the blood leading to a diminution 
of the effects of the peptide on vascular tone, aldosterone release, and renal so- 
dium handling, constitutes a principal mechanism of the cardiovascular action 
of ACE inhibitors (Fig. 2). Furthermore, the blockade of Ang Il-mediated in- 
creases in plasma levels of AVP, catecholamines, endothelin-1 and PAI-1, as well 
as the inhibition of the Ang Il-induced generation of growth factors and extra- 
cellular matrix components and prevention of Ang Il-mediated oxidative stress 
also contribute to the overall cardiovascular effects of ACE inhibition (Fig. 2). 
Under chronic treatment conditions, the antihypertensive actions of ACE in- 
hibitors were not always accompanied by the predicted changes in the parame- 
ters of the RAS and thus could not be explained exclusively by inhibition of the 
circulating RAS (Unger et al. 1990). Ang II can still be detected under chronic 
treatment conditions but virtually disappears after acute ACE inhibitor treat- 
ment. Furthermore, accumulated evidence from studies in animals with various 
types of experimental hypertension, as well as from clinical studies showing that 
blood pressure could be lowered by ACE inhibitors irrespective of whether the 
plasma RAS was stimulated, has cast some doubt on the initial idea that the an- 
tihypertensive actions of ACE inhibitors can be explained exclusively on the ba- 
sis of reduced circulating Ang II levels. Therefore, additional pharmacological 
effects of these drugs have to be considered. Because ACE is identical with the 
bradykinin degrading enzyme, kininase II (Fig. 2), ACE inhibitors could, theo- 
retically, potentiate the direct nitric oxide (NO)-mediated, or prostacyclin-medi- 
ated vasodepressor effects of endogenous kinins (Linz et al. 1995). Participation 
of kinins in the antihypertensive actions of ACE inhibitors has been shown un- 
der certain experimental conditions. This topic will be discussed in more detail 
in the chapter by Wohlfart and Wiemer, this volume. 
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Fig. 2 Blockade of AT] receptor-mediated effects of angiotensin II and potentiation of bradykinin 
B 2 -receptor-mediated effects of bradykinin by angiotensin-converting enzyme (ACE) inhibition and the 
resulting biological effects of ACE inhibition. TGFp, transforming growth factor p; PDGF, platelet-derived 
growth factor; EDHF, endothelial-derived hyperpolarizing factor; PAI-1, plasminogen activator inhibitor 
1; AVP, arginine vasopressin; NO, nitric oxide; PGI2, prostacyclin, t-PA, tissue plasminogen activator 
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2.4 

Inhibition of Tissue ACE 

The description of local RASs in various organs including those of cardiovascu- 
lar regulation, i.e. heart, vascular wall, kidney, adrenal gland and brain has 
raised the possibility that ACE inhibitors might differ with respect to their abili- 
ty to inhibit tissue ACE. It has been postulated that tissue penetration of ACE 
inhibitors could be a crucial determinant of these drugs ability to reach their 
target enzyme, i.e. ACE, within tissues. Tissue penetration mainly depends on 
the molecular size and lipophilicity of drugs and in particular on the presence 
of blood-tissue barriers, e.g. the blood-brain barrier or the blood-testis barrier. 
The access of ACE inhibitors to brain structures inside the blood-brain barrier 
is related to their lipid solubility (Gohike et al. 1989). Ramipril and the more li- 
pophilic ACE inhibitor Hoe 288 both inhibited ACE in the cerebrospinal fluid of 
rats following acute oral administration of doses between 10-30 mg/kg per day 
(ramipril) and 1-30 mg/kg per day (Hoe 288) (Gohike et al. 1989). In contrast, 
enalapril, the least lipophilic ACE inhibitor used in this study, did not signifi- 
cantly inhibit ACE in the cerebrospinal fluid. An additional factor governing the 
access of prodrug ACE inhibitors such as enalapril, ramipril or perindopril to 
structures inside the blood-brain barrier may be the site and degree of metabol- 
ic activation of these drugs following oral application. Rat brain, for instance, 
appears to have only a limited capacity to hydrolyse prodrug ACE inhibitors to 
the active diacid compounds (Cohen et al. 1983; Gohike et al. 1989; Unger et al. 
1982). Therefore, degree and time course of brain ACE inhibition by a prodrug 
ACE inhibitor may depend on how much of the respective diacid compound 
can enter the brain from the blood. In contrast to the brain, testicular ACE 
seems to be effectively protected from ACE inhibitor access by the blood-testis 
barrier, since most ACE inhibitors tested thus far did not inhibit ACE activity in 
the testis after oral application (Jackson et al. 1988; Sakaguchi et al. 1988). 

While the brain RAS is now generally accepted as a local RAS (Unger et al. 
1988), the model of a tissue RAS still suffers from a number of conceptual prob- 
lems with respect to peripheral tissues such as the heart or the vascular wall 
(Unger and Gohike 1990). The term “tissue system” implies that a complete RAS 
exists within defined tissue compartments where all the components interact to 
function as an independent system. ACE is attached to the luminal surface of 
the vascular endothelial cell membrane by an anchor peptide. Thus the major 
part of the enzyme containing the active sites is localized outside the cell, pro- 
truding into the vascular lumen. In the kidney, a substantial portion of ACE ac- 
tivity is localized in epithelial brush border cells of the tubuli. Consequently, 
Ang II is always generated through ACE at the outer surface of endothelial cells 
or epithelial cells (Gohike et al. 1992), irrespective of whether its direct precur- 
sor, Ang I, is produced locally or in the circulating blood. Therefore, it appears 
that a major task of the tissue RAS or better paracrine/autocrine system in the 
vascular wall is to provide the Ang II precursor, Ang I, which will then be con- 
verted to Ang II by endothelial ACE or by alternative pathways such as chymase. 
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Ang II thus generated may act locally on adjacent cells (paracrine), on endothe- 
lial cells of origin (autocrine) or may join the circulating pool of Ang II (endo- 
crine). Therefore, ACE inhibitors — by inhibiting ACE at its strategic endothelial 
localization — attack the endocrine as well as the tissue or paracrine/autocrine 
RAS. Differences among ACE inhibitors in tissue ACE inhibition can be largely 
explained by their different enzyme binding properties, e.g. the velocity of dis- 
sociation of the enzyme inhibitor complex as mentioned above. 

A more detailed discussion of the tissue RAS is provided in a different chap- 
ter of this handbook. 



2.5 

Adverse Effects 

Side effects of ACE inhibitors include headache, cough, hyperkalaemia, hypo- 
tension and angioneurotic oedema. The incidence of these events has steadily 
declined over the years with the reduction of recommended doses. 

Cough is probably the most common side effect of ACE inhibitors. However, 
the reported incidence of cough varies considerably from less than 1% to more 
than 30%. These variations may be largely explained by the fact that cough, al- 
though present, is frequently not recognized as a side effect associated with ACE 
inhibitor treatment. The frequency of cough is higher in women than in men. 
The mechanism of the ACE inhibitor-induced cough may involve increased lev- 
els of bradykinin and/or substance P, since both peptides were effectively de- 
graded by ACE and were thus potentiated by ACE inhibition. 

Profound first-dose hypotension has been reported in patients with hyper- 
tension and particularly in patients with congestive heart failure. This event is 
most often associated with previous volume depletion by aggressive treatment 
with diuretics and hyponatraemia, in addition to severe and secondary forms of 
hypertension. Commencing therapy at low doses and withdrawal of diuretics a 
few days before ACE inhibitor treatment minimizes the risk of first-dose hypo- 
tension. Special care concerning dosage has to be taken in patients with renal 
disease. Hyperkalaemia may occur as a result of a decrease in aldosterone, par- 
ticularly in patients with impaired kidney function or those taking potassium- 
sparing diuretics. Evidence from animal studies and from clinical cases preclude 
the use of ACE inhibitors during pregnancy. 

3 

Therapeutic Use 

In the following sections we will review more recent publications studying the 
effects of ACE inhibitor administration in different animal models of experi- 
mental hypertension, heart failure, myocardial infarction, endothelial dysfunc- 
tion and atherosclerosis, diabetes mellitus and renal failure. Previous studies on 
these topics will only partly be included and the reader is referred to previous 
reviews on ACE inhibitors (Brown and Vaughan 1998; Leonetti and Cuspidi 
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1995; Salvetti 1990; Scholkens and Landgraf 2002; Taal and Brenner 2000; Unger 
and Gohike 1994; Unger et al. 1990). Clinical trials have demonstrated that ACE 
inhibitor treatment can decrease mortality in patients with congestive heart fail- 
ure (CONSENSUS, SAVE, SOLVD), in patients after myocardial infarction 
(AIRE, GISSI-3, ISIS-4, TRACE), in patients who had a previous stroke or tran- 
sient ischaemic attack (PROGRESS) and in patients at high cardiovascular risk 
(HOPE). Furthermore, clinical studies have demonstrated to reduce the progres- 
sion of diabetic nephropathy. These clinical studies are discussed in the chapter 
by Schulz, of this handbook, and will not be included in this review. Finally, 
studies investigating possible benefits of combination therapies of ACE in- 
hibitors with, for example, diuretics, ATi receptor antagonists and others will 
not be included in this chapter because these topics are also discussed in the 
chapter by Azizi and Menard, in this volume. 



3.1 

Hypertension 

ACE inhibitors are most effective in lowering blood pressure in experimental 
models of hypertension associated with a stimulated RAS such as 2K-lC-hyper- 
tensive rats, rats with aortic banding, TG(mRen2) 27 rats, transgenic rats made 
hypertensive by the insertion of an additional mouse renin gene or Tsukuba hy- 
pertensive mice carrying both human renin and angiotensinogen genes (Bao et 
al. 1992; Bohm et al. 1998; Demeilliers et al. 1998; Kai et al. 1999). 

ACE inhibitors also reduce blood pressure in genetically hypertensive rats 
(SHRs, SHRSPs and Lyon hypertensive rats) and mice (Gillies et al. 1998; Gohike 
et al. 1994; Leckie 2001; Unger et al. 1992), and also improve survival of normal 
SHRSPs (Linz et al. 1997; Linz et al. 1999a) as well as salt-loaded SHRSPs follow- 
ing lifelong treatment (Ogiku et al. 1993; Stier et al. 1989). Interestingly, in 
SHRs, the antihypertensive as well as the antihypertrophic effects of ACE inhibi- 
tion persisted following drug withdrawal (Pauli and Widdop 2001). In rats ren- 
dered hypertensive by extensive renal mass ablation (a model lacking genetic 
hypertensive determinants), ACE inhibition prevented the increase in blood 
pressure (Lopez-Hernandez et al. 1999). ACE inhibitors also reduced blood 
pressure in IK-lC-hypertensive rats, rats made hypertensive by treatment with 
cyclosporine A or infusion of a nonselective antagonist of adenosine receptors 
(Lassila et al. 2000; Sousa et al. 2002; Sweet et al. 1981). In very old Wistar Kyoto 
rats with isolated systolic hypertension, ACE inhibition in combination with 
L-arginine ameliorated the hypertensive and associated cardiovascular changes 
that occurred with ageing. Finally, the hypertensive actions of chronic insulin 
infusion, as well as hypertension induced by feeding fructose-rich chow (a die- 
tary model of insulin resistance) were both attenuated by ACE inhibitor treat- 
ment (Keen et al. 1998; Uchida et al. 2002). In contrast, ACE inhibitors had no 
or only weak effects on blood pressure in DOCA-salt hypertensive rats (a low- 
renin model of hypertension) (Brown et al. 1999; Pu et al. 2002). Clinically, ACE 
inhibitors decrease elevated systemic vascular resistance by the inhibition of the 
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vasoconstrictive action of Ang II and the potentiation of the vasodilator action 
of bradykinin. ACE inhibitors did not induce reflex sympathetic activation and 
they maintain their effect without development of tolerance. All currently avail- 
able ACE inhibitors are considered to be equally effective in lowering blood 
pressure after adequate dosing. Since ACE inhibitors do not negatively affect 
the metabolism of glucose and lipids, adverse metabolic consequences do not 
occur. ACE inhibitors were shown to be at least as effective in lowering blood 
pressure as beta-adrenoceptor blockers, diuretics or calcium antagonists. A 
number of studies have suggested that treatment with ACE inhibitors is less ef- 
fective in black hypertensive patients than monotherapy with other antihyper- 
tensives. However, in combination with diuretics, ACE inhibitors are as effective 
as in other ethnic groups. 

Reduction of dietary salt intake can improve the response to ACE inhibition. 
This potentiating effect is most likely due to the stimulatory action of a low-salt 
diet on the RAS. 



3.2 

Congestive Heart Failure 

In recent years, a number of experimental studies in several animal species have 
been conducted to investigate the efficacy of ACE inhibitor treatment in conges- 
tive heart failure. Various animal models of heart failure have been employed, 
including myocardial infarction-induced heart failure in rats a well as pacing-in- 
duced heart failure in dogs and pigs. In general, most of these studies demon- 
strated that ACE inhibition can improve cardiac function and remodelling in 
animals with experimentally induced heart failure. These ACE inhibitor-induced 
cardiac changes include increases in left ventricular (LV) ejection fraction, LV 
myocyte shortening velocity, dP/dt and cardiac output, decreases in LV end-dia- 
stolic pressure and central venous pressure and decreases in LV mass, myocar- 
dial fibrosis, and myocyte cross sectional-area. Part of these effects may be ex- 
plained by the ACE inhibitor-induced decrease in systemic and pulmonary vas- 
cular resistance. However, recent studies revealed some additional cardiac and 
systemic effects of ACE inhibitors which may be related to their beneficial ac- 
tions in heart failure. Several detrimental changes associated with the develop- 
ment of heart failure were prevented or attenuated by ACE inhibitor treatment. 
For example in rats, ACE inhibitor treatment suppressed the increase in cardiac 
TGF^l mRNA expression and preserved cardiac high-energy phosphates 
(Brooks et al. 1997; Ma et al. 2001; Murakami et al. 2002; Podesser et al. 2002; 
Sanbe et al. 1995). The heart failure-induced increase in the expression of LV 
uncoupling protein 2 was suppressed (Murakami et al. 2002) and the increase in 
a myosin heavy-chain gene expression and the decrease in ANP and pro al (III) 
collagen gene expression was prevented by ACE inhibitor treatment (Brooks et 
al. 1997; Carraway et al. 1999). Moreover, ACE inhibition partially corrected the 
changes in the profile of heart sarcolemmal PLCs and reduced the mass of sar- 
colemmal phosphatidylinositol 4,5-biphosphate and the activities of enzymes 
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responsible for its synthesis (Tappia et al. 1999). In heart failure-prone SHHF/ 
Mcc-fa(cp) rats, ACE inhibitor treatment decreased the shift from VI to V3 
myosin isozymes, which was associated with heart failure (Carraway et al. 
1999). 

In dogs with heart failure induced by intracoronary microembolizations, 
the incidence of cardiomyocyte apoptosis at the border of the infarct region 
(evaluated by TUNEL staining) was reduced in ACE inhibitor- treated animals 
(Goussev et al. 1998). Li et al. (2001) showed that atrial Ang II concentrations 
and the expression of MAP kinases such as extracellular signal-regulated kinase 
(ERK) were increased in hearts from dogs with pacing-induced heart failure. 
ACE inhibitor treatment attenuated these heart failure-induced atrial changes 
and reduced atrial fibrosis and the mean duration of atrial fibrillation. 

B 2 -receptor antagonism in the presence of an ACE inhibitor suppressed the 
expression of eNOS and of sarcoplasmatic reticulum Ca^"^-ATPase mRNA and 
up-regulated the expression of collagen type I and III and also increased cardiac 
collagen content when compared to ACE inhibitor treatment alone, indicating 
the importance of bradykinin for the cardioprotective actions of ACE inhibitors 
(Fujii et al. 2002). ACE inhibition also increased nitrite release from coronary 
microvessels by a bradykinin-dependent mechanism, thus improving the im- 
paired endothelial NO production in failing hearts (Zhang et al. 1999). Finally, 
in dogs with right-sided heart failure, ACE inhibitor treatment restored myocar- 
dial beta-adrenoceptor density and reduced the attenuation of cardiac norepi- 
nephrine uptake (Kawai et al. 1999). In pigs, the increases in plasma cate- 
cholamines and endothelins and the decreased ^-adrenergic responses observed 
with heart failure were reduced by ACE inhibitor treatment (Krombach et al. 
1998; Spinale et al. 1997a, 1997b). Moreover, the decreased density in L-type 
Ca^'^ channels and sarcoplasmatic reticulum Ca^'^-ATPase in failing hearts were 
normalized by ACE inhibitor treatment when combined with an ATi receptor 
antagonist (Spinale et al. 1997b). Preservation of protein expression of sar- 
coplasmatic reticulum Ca^'^-ATPase as well as of phospholamban by ACE inhibi- 
tor treatment has also been demonstrated in guinea-pigs with pressure over- 
load-induced heart failure (Takeishi et al. 1999). In these animals, ACE inhibitor 
treatment attenuated the translocation of protein kinase C-a and -e. Most 
recently, Makino et al. (2003) demonstrated that ACE inhibitor treatment re- 
versed several heart failure-induced alterations, including elevated plasma nor- 
epinephrine levels as well as reductions in /3-adrenoceptor density and adenyl- 
ate cyclase activity in rabbits with heart failure induced by myocardial infarc- 
tion. Furthermore, ACE inhibition normalized the myocardial protein levels of 
^-adrenoceptor kinase 1 and Gia, which were found to be elevated in the failing 
heart (Makino et al. 2003). Taken together, several haemodynamic and hu- 
moural effects of ACE inhibitors in combination with improvements in cardiac 
function and remodelling are the basis for the beneficial actions of these drugs 
in the treatment of congestive heart failure. 
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3.3 

Myocardial Ischaemia (Myocardial Infarction and Coronary Heart Disease) 

Although ACE inhibitors are not considered antianginal drugs such as nitrates, 
beta-blockers or Ca^"^ antagonists, they may be useful in the treatment of isch- 
aemic heart disease by mechanisms which include reduction of myocardial oxy- 
gen demand, improvement of coronary blood flow, reduction of blood pressure 
and ventricular wall tension without reflex tachycardia and reduction of myo- 
cardial contractility. Some evidence for the clinical efficiency of these drugs has 
been provided by clinical studies suggesting an antianginal effect of ACE in- 
hibitors in normotensive and hypertensive patients with coronary heart disease 
(Yusuf et al. 2000). 

Experimental and clinical studies further indicate a protective role of ACE in- 
hibitors after acute myocardial infarction (MI). Previous studies with isolated 
ischaemic rat hearts demonstrated that ACE inhibitor treatment can prevent or 
attenuate tissue damage and fatal arrhythmias during ischaemia and reperfu- 
sion (Li and Chen 1987; Linz et al. 1986; Westlin and Mullane 1988). The benefi- 
cial effect of ACE inhibitors in the isolated ischaemic rat heart could be attenu- 
ated by a bradykinin antagonist, indicating a role of ACE inhibitor-induced bra- 
dykinin potentiation. However, a reduction in both Ang II and catecholamine 
levels may also be involved (Linz et al. 1995). 

The effect of ACE inhibition was also evaluated in animals with MI induced 
by coronary artery occlusion. These studies largely differ in the (a) time points 
of initiating drug therapy, (b) type of ACE inhibitors used, (c) dosage and (d) 
duration of drug treatment. In several studies, the effect of pretreatment with an 
ACE inhibitor on the consequences of MI was studied. In most studies, ACE in- 
hibitor treatment was started after myocardial infarction. ACE inhibitor treat- 
ment was initiated early, that is up to 4 h after MI, delayed, that is 24 h after MI 
or late, that is 1-2 two weeks after ML 



3.3.1 

Effect of Pretreatment with an ACE Inhibitor 

Pretreatment of rats with ramipril for 7 days prior to MI improved the Ml-in- 
duced increase in LVEDP and right atrial pressure and the decrease in cardiac 
index (Mori et al. 1998) and caused a decrease in infarct size and interstitial fi- 
brosis (Sandmann et al. 2001b). Furthermore, ACE inhibitor treatment inhibited 
the up-regulation of the NA'^/H'^ exchanger and the Na'^/HCOs’ symporter and 
decreased the up-regulation of calpain I and calpain II in the LV free wall of rats 
with MI (Sandmann et al. 2001a, 2001b,). In female rats, pretreatment with cap- 
topril for 10 weeks reduced infarct size and increased the threshold of ventricu- 
lar fibrillation, both before occlusion and after reperfusion, and decreased the 
average episodes of ventricular tachycardia and fibrillation (Zhu et al. 2000). 
Pretreatment of SHR with captopril for 12 weeks prior to MI decreased the in- 
ducibility of ventricular arrhythmias and reduced the mortality 3 h after MI 
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from 72% in control rats to 40% in ACE inhibitor-treated rats (Nguyen et al. 
1998b). ACE inhibitors can also affect infarct size when applied shortly before 
induction of MI. In rats, the application of ramiprilat 5 min before ischaemia 
reduced the infarct size from 40% (vehicle-treated rats) to 18% (Wolfrum et al. 
2001). Similar results were reported in dogs after pretreatment with cilazaprilat 
10 min before MI. The infarct size was markedly reduced from 47% in control 
rats to 15% in ACE inhibitor-treated rats (Node et al. 1998). This effect of the 
ACE inhibitor was associated with an increase in bradykinin and NO measured 
in the coronary venous blood at 10 min after reperfusion. The beneficial effect 
of cilazaprilat on infarct size was abolished by a combined inhibition of NO syn- 
thase and blockade of Ca^"^- activated channel, while inhibition of cyclooxy- 
genase had no effect (Node et al. 1998). In pigs with MI induced by low-flow 
ischaemia, infusion of ramiprilat for 30 min prior to MI reduced infarct size 
from 20% in controls to 9.8%. This effect was even more pronounced when 
ramiprilat was combined with the ATi receptor antagonist, candesartan (infarct 
size 6.7%) but was abolished by bradykinin B 2 receptor blockade. 



3.3.2 

Effect of Early Treatment 

Treatment of rats with quinapril 30 min after MI decreased LVEDP and LV dia- 
stolic wall stress only in rats with large MI. The cardiac index and stroke volume 
index were both restored by ACE inhibitor treatment but not by ATi receptor 
antagonism (Hu et al. 1998). When treatment was started immediately after MI, 
the 1-year survival rate was similar in rats treated with captopril or an ATi re- 
ceptor antagonist (Milavetz et al. 1996). Captopril inhibited endothelial cell pro- 
liferation and coronary vessel growth when treatment was initiated directly after 
MI, but not 3 weeks after MI. The increased survival in rats with MI treated for 
8 weeks with captopril (treatment start 4 h after MI) was associated with an im- 
proved cardiac function and cardiac remodelling and a decrease in the mRNA 
expression of TGVpl and TNFa and decreased plasma concentrations of endo- 
thelin-1, Ang II and catecholamines (Lapointe et al. 2002). In SHRs, an early 
start of drug treatment (4 h after MI) also reduced mortality from 82% to 56% 
after 2 months and decreased the inducibility of ventricular arrhythmias 
(Nguyen et al. 1998a). 



3.3.3 

Effect of Delayed Treatment 

Several studies started drug treatment in those animals which survived the first 
24 h after MI. In an ex vivo study in isolated rat hearts, treatment with captopril 
prevented the changes in cardiac energy metabolism associated with MI. In this 
study, rats were treated with captopril for 8 weeks starting 24 h after MI (Hiigel 
et al. 1999). In another study (Wei et al. 2002), cardiac haemodynamics and re- 
modelling were improved after 4 weeks of ACE inhibitor treatment. These im- 
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provements were associated with an ACE inhibitor-induced prevention of the 
increase in the expression of the cytokines IL-ly0 and IL-6 and the reduced ex- 
pression of TNFa and IL-5. Furthermore, a 4-week treatment with cilazapril pre- 
vented systolic and diastolic dysfunction and decreased the expression of 
y0-myosin heavy chain, a-sceletal actin and ANP as well as the expression of col- 
lagen I and II in the noninfarcted ventricle (Yoshiyama et al. 1999). ACE inhibi- 
tor treatment after MI also interferes with the PKC signal transduction pathway. 
For example, captopril reversed the decreased expression of diacylglycerol 
(DAG) kinase £, which terminated signalling from DAG and thereby attenuated 
PKC activity (Takeda et al. 2001). In another study, captopril inhibited the up- 
regulation of PKC in the infarcted heart (Namiuchi et al. 2000). In both studies, 
captopril was commenced 24 h after MI and continued for 3 weeks. Recently, Jin 
et al. (2001) reported on 37 genes which were differentially expressed between 
MI and sham-operated rats. During ACE inhibitor treatment, changes of ten of 
these genes were partially or completely inhibited. 



3.3.4 

Effects of Late Treatment 

Several other studies also revealed beneficial effects of ACE inhibitors even 
when treatment was started late, that is more than 1 week after MI. Trandolapril 
improved the haemodynamic status by decreasing LVEDP and urinary cGMP at 
a low dose (0.1 mg/kg), which had no effect on blood pressure and cardiac fi- 
brosis development (Richer et al. 1999). Low-dose treatment with enalapril im- 
proved the arterial elastic properties by increasing the elastin content and the 
elastin-to-collagen ratio, but did not alter infarct size (Driss et al. 1999). At a 
higher dose, enalapril reduced mortality after 312 days of treatment from 80% 
in controls to 56% (Levijoki et al. 2001). Trandolapril at a dose of 3 mg/kg atten- 
uated cardiac sarcoplasmatic reticulum dysfunction by preventing the Ml-in- 
duced down-regulation of Ca^^-release channels but had no effect on infarct size 
(Yamaguchi et al. 1998). Besides the inhibition of Ang II generation, an attenua- 
tion of the Ml-induced increase in cardiac ATi receptor expression by ACE in- 
hibitor treatment may also contribute to the overall effects of these drugs on 
MI. When ACE inhibitor treatment was started 1 week before or 6 weeks after 
induction of myocardial infarction in rats (Stauss et al. 1994), a reduction in in- 
farct size could be observed when treatment was started before MI but not when 
treatment was started 6 weeks after induction of myocardial infarction. Howev- 
er, either treatment caused a reduction in end-diastolic pressure. When treat- 
ment was started very late, that is, 3 months after the induction of MI in rats, 
cardiac hypertrophy and remodelling as well as ventricular dysfunction were re- 
versed in rats treated for 6 months with lisinopril (Mulder et al. 1997b). These 
effects of the ACE inhibitor were associated with an increase in survival (28% in 
controls and 61% lisinopril-treated rats). The effect on survival was even more 
pronounced, when treatment was started earlier, that is 1 week after MI (90% 
survival) (Mulder et al. 1997b). 
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Therefore, in most experimental studies investigating the effect of ACE inhibi- 
tion on MI, pretreatment of rats before MI as well as early or delayed initiation 
of ACE inhibitor treatment improved cardiac haemodynamics and remodelling, 
decreased the occurrence of cardiac arrhythmias, altered cardiac expression of 
several cytokines, decreased the circulating levels of catecholamines, Ang II and 
endothelin I and increased survival. In contrast, in a previous study (Schoemaker 
et al. 1991), treatment with captopril (s.c. infusion via osmotic minipumps) start- 
ing 24 h after MI for 3 weeks not only failed to improve cardiac function but 
appeared to have deleterious effects to the heart. However, cardiac function was 
improved in this study when captopril treatment was started late, that is 3 weeks 
after MI. 



3.4 

Cardiovascular Hypertrophy and Remodelling 

Hypertension-induced pathophysiological changes in cardiac and vascular 
structure represent a compensatory response to the increased cardiac output 
and elevated wall stress. In addition, Ang II exerts trophic actions and may ac- 
celerate cardiovascular hypertrophy and chronic vascular disease by directly in- 
ducing cellular growth in addition to its systemic actions in hypertension. Re- 
gression of left ventricular mass after ACE inhibitor treatment was demonstra- 
ted in different forms of experimental hypertension. In rats with renal hyperten- 
sion due to aortic banding (pressure overload hypertrophy) chronic treatment 
with a subantihypertensive dose of ramipril prevented left ventricular hypertro- 
phy, suggesting that in this form of hypertension, early-onset treatment with 
ACE inhibitors can induce structural changes of the heart independently of the 
blood pressure-lowering actions of these drugs (Linz et al. 1989). In addition, 
low-dose ramipril treatment improved myocyte relaxation and improved both 
sarcoplasmatic reticulum (SR) -dependent and non-SR-dependent calcium cy- 
cling (Boateng et al. 2001). In contrast, in SHRs and stroke-prone SHRs 
(SHRSPs) the reduction in LVH by chronic ACE inhibitor treatment strongly 
correlates with the reduction in blood pressure (Gohike et al. 1997; Unger et al. 
1992). Similarly, in TG(mRen-2) rats, the ACE inhibitor induced decrease in 
LVH and interstitial and perivascular fibrosis was strongly dependent on blood 
pressure reduction (Bishop et al. 2000). 

At the age of 6 months, SHRSPs had developed LVH and showed increases in 
LV myocyte cross-sectional area, LV interstitial and perivascular collagen con- 
tent as well as increases in the relative amount of V3 myosin heavy chain. The 
development of LVH in these animals is associated with a reduction in coronary 
reserve maximum. Treatment with the ACE inhibitor captopril from 12 to 
24 weeks of age prevented these cardiac changes (Ikeda et al. 2000). In SHRs, 
regression of LVH by ACE inhibition was also accompanied by a PKC-dependent 
normalization of the Na'^/H'^ and Na'^-independent ClVHCOs'-exchange activi- 
ties (Ennis et al. 1998) as well as by a decrease in dihydropyridine-sensitive 
L-type calcium channels (Vulpis et al. 1998). Furthermore, ACE inhibitor treat- 
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ment increased total beta-adrenoceptor density, restored betal and beta 2 
adrenoceptor proportions and restored adenylyl-cyclase reactivity to normal 
(Laflamme et al. 1997). Similar changes in the beta-adrenergic signal transduc- 
tion pathway by ACE inhibition have been demonstrated in transgenic 
TG(mRen-2)27 rats (Zolk et al. 1998). In addition, the depletion of tissue cate- 
cholamines and the desensitization of LV beta-1 adrenoceptors, which was evi- 
dent in untreated TG(mRen-2) rats, was prevented by enalapril treatment (Witte 
et al. 2001). These results suggest that ACE inhibition can normalize sympathet- 
ic hyperreactivity and restore beta adrenergic signal pathway sensitivity in ex- 
perimental hypertension. Normalization of LVH in TG(mRen-2)27 rats by cap- 
topril treatment was accompanied by normalization of the decreased expression 
of SR Ca^'^-ATPase and the increased expression of ANP-mRNA (Flesch et al. 
1997). 

Cardiac hypertrophy induced by chronic inhibition of NO synthase is associ- 
ated with an activation of both 70-kDa S6 kinase and extracellular signal-regu- 
lated protein kinase (ERK) (Sanada et al. 2001) and a decrease in the number 
and the numerical density of cardiomyocytes (Pereira and Mandarim-De-Lacer- 
da 2001). Cardiac hypertrophy was attenuated by ACE inhibition together with 
an inactivation of 70-kDa S6 kinase but not ERK. In contrast, ATi receptor 
blockade inactivated ERK but had no effect on 70-kDa S6 kinase, suggesting 
that different signalling pathways are modulated by ACE inhibitors and AT i re- 
ceptor antagonists, respectively (Sanada et al. 2001). In addition, the loss of car- 
diomyocytes in L-NAME-treated rats was prevented by treatment with enalapril 
(Pereira and Mandarim-De-Lacerda 2001). 

Cardiac benefits from ACE inhibition were most pronounced when treatment 
was started early, that is before the development of cardiac dysfunction. Howev- 
er, several studies have demonstrated that ACE inhibitor treatment is also effec- 
tive in animals with long-term hypertension and related cardiovascular disor- 
ders. Treatment of 1 -year-old SHRs for 2 months with trandolapril not only 
reduced blood pressure and LVH but also reduced the QT interval, which 
was found to be increased in older SHR compared to age-matched WKY rats 
(Baillard et al. 2000). In aged SHRs, collagen content markedly increased togeth- 
er with an increase in the ratio of collagen type I to type III. Treatment with cap- 
topril decreased collagen content and decreased the collagen type 1-to-type III 
ratio, primarily by increasing type III collagen. The later effect was not observed 
with lisinopril (Yang et al. 1997). Treatment of very old SHRs (21 months old) 
did not restore contractile function or reduce cardiac fibrosis, but still reduced 
LVH and improved clinical signs of heart failure (Brooks et al. 1997). In LV pap- 
illary muscles from captopril-treated 2-year-old SHRs, the expression of alpha- 
myosin heavy chain was increased and the expression of the Na'^/Ca^'^ exchanger 
was decreased. Furthermore, the LV inotropic responses to beta-adrenergic 
stimulation was improved by ACE inhibitor treatment (Brooks et al. 2000). Cap- 
topril treatment also reduced skeletal muscle actin transcripts and reversed the 
increase in beta-myosin heavy chain that occurred with ageing (Dalton et al. 
2000 ). 
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In a model of right ventricular hypertrophy induced by pulmonary artery 
banding in rabbits, ramipril preserved papillary muscle contractility and pre- 
vented ATi receptor and G-protein up-regulation (Rouleau et al. 2001). These ef- 
fects were partially attenuated by B 2 receptor blockade. 

In Dahl salt-sensitive rats fed an 8% NaCl diet from 7 weeks of age, be- 
nazepril improved diastolic dysfunction, attenuated the up-regulation of LV 
ANP mRNA and improved survival. The effect was more pronounced when the 
ACE inhibitor was combined with an ATi receptor antagonist. The combination 
therapy additionally suppressed the increase in LV endothelin-1 levels and LV 
hydroxyproline contents (Kim et al. 2001). In the same model, imidapril in- 
creased the expression of eNOS, inhibited the expression of iNOS and decreased 
type- 1 collagen expression in the LV and improved perivascular and myocardial 
fibrosis (Kobayashi et al. 1999). In contrast, in Dahl salt-sensitive rats fed an 8% 
NaCl diet from 12 weeks of age, ACE inhibitor treatment did not attenuate blood 
pressure and LVH, but significantly decreased both blood pressure and LVH, af- 
ter switching from a high-salt to low-salt diet (Sugimoto et al. 1998). 

In an ex-vivo study, LV myocytes isolated from SHRs which had been treated 
for 4 weeks with perindopril showed a decreased cell volume, cross-sectional 
area and cell length (Onodera et al. 2002). This effect was not observed after 
treatment with the beta blocker, bisoprolol. In cartilage and tendon tissue cul- 
tures, the conversion of procollagen to collagen was inhibited by captopril and 
enalapril. Because Ang II, bradykinin and the nonspecific angiotensin receptor 
antagonist saralasin did not affect this conversion, the authors speculated that 
ACE inhibitors may directly interact with the specific procollagen proteases 
(Mannisto et al. 2001). 



3.5 

Angiogenesis 

Capillary rarefaction is a further detrimental morphological change associated 
with the development of LVH leading to relative ischaemia. Long-term treatment 
of SHRs and SHRSPs with ramipril not only prevented the development of LVH 
but also prevented capillary rarefaction by increasing the capillary length densi- 
ty (Gohike et al. 1997; Unger et al. 1992). This effect of ramipril appeared to be 
independent of the antihypertensive and antihypertrophic effect of the ACE in- 
hibitor, since it was also observed at a low dose which did not affect LVH. Thus, 
ACE inhibitor treatment, in addition to lowering blood pressure and reducing 
LVH, can improve myocardial oxygen and substrate supply via an increased 
myocardial capillarization. The angiogenic effect of ramipril was associated with 
an improved cardiac function, as demonstrated by an increase in left ventricular 
pressure, dp/dtmax and coronary flow, with no change in heart rate and in- 
creased myocardial tissue concentrations of glycogen and the energy-rich phos- 
phates ATP and creatine phosphate (Gohike et al. 1994). All ACE inhibitor-in- 
duced effects on capillary density, cardiac function and metabolism could be 
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observed even at subantihypertensive doses and were abolished by chronic bra- 
dykinin receptor blockade (Gohlke et al. 1994, 1997). 

ACE inhibitor-induced angiogenesis has also been shown in rat limb muscle 
and ischaemic hindlimb of rabbit and mouse (Cameron et al. 1992; Fabre et al. 
1999; Silvestre et al. 2001). The ACE inhibitor-induced increase in vessel density 
and capillary number in the ischaemic hindlimb of wild type mice was associat- 
ed with an increase in tissue eNOS protein level and was not observed in B 2 re- 
ceptor-deficient mice (Silvestre et al. 2001). These results suggested that the 
proangiogenic effect of ACE inhibition involves a B 2 receptor-dependent and 
NO-related mechanism. 

In contrast, ACE inhibition prevented inner retinal blood vessel growth in 
neonatal (mRen-2)27) rats, inhibited the induction of neovascularization in rat 
cornea and had antitumor effects (Moravski et al. 2000; Volpert et al. 1996). 



3.6 

Endothelial Dysfunction 

The endothelium is an important regulatory organ maintaining vascular func- 
tion and structure. ACE, which is mainly localized on the luminal site of the vas- 
cular endothelium, is critical for the local generation of Ang II from Ang I and 
the degradation and inactivation of bradykinin. Thus, the endothelium is a ma- 
jor target organ for ACE inhibitors. Endothelial dysfunction is associated with 
ageing as well as with several pathophysiological disorders such as hyperten- 
sion, atherosclerosis, myocardial infarction, congestive heart failure, renal fail- 
ure and diabetes. Dysfunction of the endothelium as well as endothelial cell de- 
struction is not only a cause of such cardiovascular disorders but will also pro- 
mote the progression of these diseases. Endothelial dysfunction can be defined 
as a decreased capability to produce and release endothelial-derived mediators 
such as NO and PCI 2 , which are potent vasodilators as well as inhibitors of 
smooth muscle proliferation and thrombosis. Furthermore, interference with 
endothelial cell function, e.g. as a result of chronic hypertension or atheroscle- 
rosis will increase the risk of thrombus formation. Endothelial dysfunction in- 
duced by high blood pressure can be effectively prevented by early onset ACE 
inhibitor treatment (Cohike et al. 1993; Keaton et al. 1998; Sharifi et al. 1998; 
Teisman et al. 1998). The ACE inhibitor-induced prevention of endothelial dys- 
function persisted even after drug withdrawal (Keaton et al. 1998). Furthermore, 
existing endothelial dysfunction found in older SHRs can be regressed by ACE 
inhibitor treatment (Linz et al. 1999a; Rodrigo et al. 1997), resulting in an in- 
crease in survival of these animals (Linz et al. 1999a). ACE inhibition was also 
found to prevent diabetes-induced impairment of endothelium-dependent relax- 
ation to acetylcholine (Pieper and Siebeneich 2000). ACE inhibitor treatment 
protected against the acute vascular toxicity of oxidized LDL (oxLDL) by atten- 
uating the oxLDL-induced decrease in aortic cCMP and the decrease in acetyl- 
choline-induced relaxation (Berkenboom et al. 1997; Fontaine et al. 2002). En- 
dothelium-dependent relaxation was also restored in hypercholesterolaemic ani- 
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mals by treatment with an ACE inhibitor together with an inhibition of the de- 
velopment of atherosclerosis (Hernandez et al. 1998). In most of these studies, 
an ACE inhibitor-induced increase in the endothelium-dependent vascular re- 
laxation to acetylcholine was measured as an indicator for an improved endo- 
thelial dysfunction. Vascular relaxation induced by endothelium-derived hyper- 
polarizing factor (EDHF) declines with ageing and hypertension. Long-term 
ACE inhibitor treatment improved the age-related as well as hypertension-relat- 
ed decline in EDHF-mediated vascular relaxation (Goto et al. 2000a, 2000b; 
Kansui et al. 2002). Vascular relaxation in response to acetylcholine and flow- 
mediated dilation of small arteries was found to be impaired in rats with Ml-in- 
duced heart failure. Furthermore, tissue cyclic GMP content was lower in rats 
with heart failure compared to control rats. Treatment with different ACE in- 
hibitors fully normalized the acetylcholine-induced dilatation of aortic segments 
(Buikema et al. 2000; Toyoshima et al. 1998) and small arteries (Mulder et al. 
1997a), improved flow-dependent dilatation of small arteries (Varin et al. 2000) 
and partially restored tissue cyclic GMP levels (Toyoshima et al. 1998). 

The attenuated increase in coronary flow in response to serotonin which was 
observed in ex vivo Langendorf preparations 4 weeks after MI, was prevented 
by ACE inhibitor treatment (Qi et al. 1999). In addition, ACE inhibition prevent- 
ed the reduction of cardiac eNOS expression, which was observed in rats with 
heart failure (Qi et al. 1999; Varin et al. 2000) and in aged SHRs (Linz et al. 
1999a). Furthermore, aortic eNOS expression was completely restored in rats 
chronically treated with L-NAME (De Gennaro Colonna et al. 2002). 

In a porcine coronary artery balloon-injury model, ACE inhibition restored 
the vasodilator response of injured arteries to bradykinin. This ACE inhibitor- 
induced improvement of endothelial dysfunction was accompanied by the inhi- 
bition of neointima formation and the increase in the local expression of hepa- 
tocyte growth factor, a stimulator of endothelial cell growth (Matsumoto et al. 
2001 ). 

In contrast to the above studies, ACE inhibitor treatment had no effect or 
only slightly improved vascular endothelial function in DOCA-salt hypertensive 
rats, while dual NEP/ACE blockade effectively prevented endothelial dysfunc- 
tion in these animals (Pu et al. 2002; Quaschning et al. 2001). 



3.7 

Atherosclerosis 

Atherosclerosis is a chronic, inflammatory- activated condition of the vascular 
system and can, through the rupture of a vulnerable atherosclerotic plaque fol- 
lowed by thrombosis, escalate into an acute clinical event (Lusis 2000). Several 
factors are involved in the pathogenesis of atherosclerosis, including endothelial 
injury or dysfunction, enhanced arterial permeability to lipoproteins, local in- 
flammation, platelet deposition and smooth muscle migration and proliferation 
(Bondjers et al. 1991). For years there has been increasing evidence that the 
RAS is also involved in this atherogenic process, particularly in the inflammato- 
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ry process within the atherosclerotic plaques. Ang II formed by ACE has pro- 
nounced atherogenic and proinflammatory properties and promotes the risk of 
plaque rupture. 

In the regions of the plaques where macrophages and foam cells accumulate, 
there is also an elevated concentration of tissue ACE which produces increased 
amounts of Ang II. Tissue ACE is now recognized as a key factor in cardiovascu- 
lar diseases (Dzau et al. 2001). The involvement of the local RAS and its close 
association with the formation of inflammation mediators and interleukins 
point to a link between chronic inflammation and instability of the plaque. 

Inhibition of the activity of tissue ACE and the local formation of proinflam- 
matory Ang II has been shown to be a promising therapeutic approach to stabi- 
lizing the plaque and thus protecting it from rupturing, thereby avoiding the 
subsequent acute clinical events. 

Preclinical studies showed that ACE inhibitors not only have blood pressure- 
lowering properties but also vasoprotective effects through the endothelial for- 
mation of NO and PGI 2 (Linz et al. 1999b; Wiemer et al. 1991 1994). This also 
included the prevention of coronary endothelial dysfunction (Martorana et al. 
1999). At an early stage, studies and results of this kind suggested that there 
might be an effect on diet-induced experimental atherogenesis. Rabbits fed an 
atherogenic diet show a loss of endothelial function (and particularly of endo- 
thelium-dependent relaxation) and a marked reduction in cGMP, a biochemical 
marker of NO release. Chronic administration of the ACE inhibitor ramipril 
with the diet maintains endothelial function and vascular cGMP content (Becker 
et al. 1991). In a model for hereditary hyperlipidaemia, the Watanabe rabbit, 
trandolapril can markedly reduce the atherosclerotic involvement of the internal 
surface of the total aorta (Chobanian et al. 1992). Similarly, in the atherosclero- 
sis model of the transgenic apolipoprotein-E-deficient mouse, ramipril pro- 
duced a remarkable reduction in the atherosclerotic involvement of the internal 
surface of the aorta, together with antioxidant effects (Keidar et al. 2000). In 
rabbits, atherosclerotic changes can be induced in the femoral arteries through 
the combination of local endothelial damage and atherogenic diet. Quinapril 
prevented the arterial activation of NF-/cB, expression of the monocyte chemo- 
attractant protein- 1 (MCPl) and the infiltration of macrophages. Ang II itself is 
capable of activating NF-/cB and inducing the expression of MCPl, thereby con- 
tributing to the infiltration of macrophages (Hernandez-Presa et al. 1997). In 
cuff-induced thickening of the femoral neointima in mice, an inflammatory vas- 
cular lesion with increased ACE expression and up-regulation of the Ang II re- 
ceptors, the administration of perindopril leads to a reduction in neointimal 
thickening (Akishita et al. 2000, 2001). 

All these experimental observations with the most varied atherogenesis mod- 
els made it almost certain that treatment with a suitable ACE inhibitor should 
be capable of favourably influencing the prognosis of cardiovascular events in 
patients with a high cardiovascular risk. The molecular biology and experimen- 
tal pharmacology of ACE inhibitors suggested that they have a directly an- 
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tiatherosclerotic and vasoprotective action quite separate from the lowering of 
blood pressure (Dzau et al. 2001). 

Suppression of the increased ACE activity within the plaque can lead to the 
stabilization and deactivation of the plaque by reducing inflammation in the 
vascular wall, thus lessening the risk of rupture and thrombosis and the resul- 
tant acute clinical cardiovascular events. The remarkable improvement in the 
long-term prognosis of atherosclerotic patients with increased cardiovascular 
risk might be the clinical result of the contribution made by ACE inhibition in 
the vascular wall. 



3.8 

Nephroprotection 

In experimental models of renal failure such as rats subjected to 5/6 nephrecto- 
my (Anderson et al. 1985), streptozotocin-induced diabetes mellitus (Zatz et al. 
1986) or immunologically induced glomerular damage (Hostetter et al. 1982), 
glomerular hydraulic pressure increases together with the occurrence of pro- 
teinuria and glomerulosclerosis. These changes appear to be partly attributable 
to intrarenal actions of Ang II (Hostetter et al. 1982) and usually go along with 
elevated systemic blood pressure. Treatment with ACE inhibitors lowered the 
intraglomerular pressure and consequently reduced albuminuria and retarded 
the progressive loss of renal function (Anderson et al. 1985; Meggs et al. 1988; 
Lafayette et al. 1992). This unique ACE inhibitor action has been related to spe- 
cific renal actions, in particular to postglomerular vasodilatation. Most recently, 
the contribution of the haemodynamic and nonhaemodynamic effects of Ang II 
to the pathogenesis of progressive renal injury was reviewed (Taal and Brenner 
2000). Besides elevating the glomerular hydraulic pressure, Ang II is involved in 
the accumulation of extracellular matrix. The later effect is in part the result of 
an enhanced synthesis and decreased degradation of extracellular matrix due to 
the Ang Il-induced increase in the expression of profibrotic cytokine TGFy0 and 
of plasminogen activator inhibitor- 1 (PAI-1) (Taal and Brenner 2000). In addi- 
tion, Ang II may be involved in inflammatory processes associated with chronic 
renal injury (Taal and Brenner 2000). ACE inhibitor treatment prevented the 
up-regulation of TGF/3 in the remnant kidney model (Hamaguchi et al. 1997; Ju- 
naid et al. 1997; Wu et al. 1997). TGF^ and PAI-1 gene expression in the renal 
cortex was also reduced in rats with Thy- 1.1 -induced chronic glomerulonephri- 
tis after treatment with lisinopril (Shinosaki et al. 2002). This effect of the ACE 
inhibitor was associated with a decrease in proteinuria and a suppression of the 
progression of glomerulosclerosis and tubulointerstitial fibrosis (Shinosaki et 
al. 2002). Antiproteinuric effects of ACE inhibitors and prevention of glomerulo- 
sclerosis have been demonstrated in several experimental models of renal 
disease including 5/6 nephrectomy (Abbate et al. 1999; Flores et al. 1998; 
Hamaguchi et al. 1997; Mackie et al. 2002; Yoshida et al. 2002), passive Heymann 
nephritis (Zoja et al. 1998a), adriamycin nephrosis (Wapstra et al. 2001), Dahl- 
sensitive rats with spontaneous nephrosis (Yoneda et al. 1998) and PAN-induced 
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chronic focal and segmental glomerulosclerosis (Suyama et al. 2000). In MWF 
rats, a genetic model of progressive proteinuria and renal injury, ACE inhibition 
progressively reduced proteinuria and prevented the progression of renal dam- 
age (Remuzzi et al. 1999). Further effects of ACE inhibitor treatment which may 
contribute to their renoprotective actions include an increase in the activity of 
the antioxidant enzymes superoxide dismutase and glutathione peroxidase in 
kidney homogenates (Verbeelen et al. 1998), prevention of the increase in ET-1 
expression in kidney tissue (Ruiz-Ortega et al. 1997; Zoja et al. 1998b), and inhi- 
bition of interstitial macrophage infiltration (Abbate et al. 1999; Suyama et al. 
2000; Uhlenius et al. 1999). ACE inhibitors were also effective in decreasing the 
age-related accumulation of extracellular matrix (collagen types I and IV and fi- 
bronectin) in the rat kidney (Cruz et al. 2000). 

Long-term treatment with ACE inhibitors protected against hypertension-in- 
duced renal damage and prolonged survival in SHRSPs (Linz et al. 1999a). 
Chronic ACE inhibition also reduced mortality in rats subjected to 5/6 nephrec- 
tomy (Flores et al. 1998), Heymann nephritis rats chronically treated with 
L-NAME (Uhlenius et al. 1999) and transgenic mice (T26) resembling human 
HIV-associated nephropathy (Bird et al. 1998). 



3.9 

Diabetes Mellitus 

Several experimental models of diabetes mellitus are available to study the effect 
of ACE inhibition in diabetic animals. In most experimental studies, diabetes 
was induced in rats and mice by treatment with streptozotocin. 

Insulin resistance, reflected by a defective insulin action on lipid and glucose 
metabolism, is an important risk factor for coronary heart disease. Hyperten- 
sion and diabetes mellitus are commonly associated with hyperinsulinaemia 
and insulin resistance. Thus, the effectiveness of antihypertensive treatment 
with regard to prevention of coronary heart disease will not only be determined 
by lowering high blood pressure, but also by improving insulin resistance. 

In experimental studies in diabetic animals, plasma insulin concentration 
was shown to be either increased, decreased or unchanged following ACE inhib- 
itor treatment (Duarte et al. 1999; Kim et al. 1997; Shiuchi et al. 2002). Most im- 
portantly, insulin resistance in diabetic animals was improved by ACE inhibi- 
tion, as demonstrated by increased glucose uptake in diaphragms and skeletal 
muscle (Duarte et al. 1999; Shiuchi et al. 2002). Furthermore, ACE inhibition 
improved insulin sensitivity, as shown by a decrease in the time to produce a 
50% fall in initial blood sugar levels (Mehta et al. 1999). Several studies using 
different models of experimental diabetes showed a decrease in blood glucose 
after ACE inhibitor treatment (Duarte et al. 1999; Ittner et al. 2000; Rosenthal et 
al. 1997; Shiuchi et al. 2002), while in other studies blood glucose remained un- 
changed (Kim et al. 1997; Reddi et al. 2000). In one study in the type 2 diabetic 
mouse KK-Ay, the decrease in plasma glucose and insulin and the improvement 
of insulin resistance was associated by an ACE inhibitor-induced enhanced 
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translocation of glucose transporter 4 (GLUT4) to the plasma membrane 
(Shiuchi et al. 2002). 

Microalbuminuria is an early marker of diabetic nephropathy. ACE inhibition 
reduced albuminuria and microalbuminuria in streptozotocin diabetic rats (de 
Cavanagh et al. 2001; Hill et al. 2001; Mifsud et al. 2002; Onozato et al. 2002; 
Osicka et al. 2000; Yavuz et al. 1999) and other animal models of diabetes 
(Fabris et al. 2001; Reddi et al. 2000). In some studies, the ACE inhibitor effect 
on albuminuria was independent of blood pressure reduction (Fabris et al. 2001; 
Onozato et al. 2002). Experimental diabetic nephropathy is associated with glo- 
merulosclerosis as well as tubulointerstitial fibrosis. One of the key mediators 
which is implicated in the accumulation of extracellular matrix in diabetes ap- 
pears to be TGV~p. Treatment of diabetic rats with ACE inhibitors not only pre- 
vented the development of glomerulosclerosis and tubulointerstitial lesions 
(Fabris et al. 1999; Gilbert et al. 1998; Mifsud et al. 2002; Reddi et al. 2000; Ve- 
lasquez et al. 1997), but also prevented the up-regulation of TGF-^ gene expres- 
sion as well as glomerular TG¥-p receptor expression in streptozotocin-treated 
rats (Gilbert et al. 1998; Hill et al. 2001; Kelly et al. 2002). TGF-y0 gene expression 
was also reduced in mesenteric arteries and the heart of ACE inhibitor-treated 
diabetic rats (Kim et al. 1997; Rumble et al. 1998). Besides increased synthesis 
of extracellular matrix components, a decreased activity of matrix metallopro- 
teinases (MMP), which are responsible for matrix degradation, can contribute 
to glomerular and tubulointerstitial fibrosis in diabetes. ACE inhibitor treat- 
ment resulted in an attenuation of the diabetes-associated changes in MMP, 
such as decreased expression and activity of MMP9 (McLennan et al. 2002). Fur- 
thermore, the diabetes-induced increased expression of the tissue inhibitor of 
metalloproteinase was attenuated by ACE inhibition (McLennan et al. 2002). 
Therefore, ACE inhibitor treatment can modulate diabetes-associated accumula- 
tion of extracellular matrix by both, decreased synthesis and increased degrada- 
tion. 

In genetically obese diabetic mice, ACE inhibition blocked the development 
in coronary perivascular fibrosis (Zaman et al. 2001). In addition, ACE inhibitor 
treatment attenuated the increase in PAI-I activity in blood and the increased 
cardiac expression of PAI-I and tissue factor (Zaman et al. 2001). Therefore, 
ACE inhibition may influence microvascular remodelling and fibrinolytic activ- 
ity in diabetic rats. In addition, in diabetic apolipoprotein E-deficient mice, 
perindopril treatment inhibited the development of atherosclerotic lesions and 
diabetes-induced ACE, connective tissue growth factor, and vascular cell adhe- 
sion molecule- 1 overexpression in the aorta (Candido et al. 2002). 

A further parameter which is implicated in the pathogenesis of diabetes mel- 
litus is oxidative stress. Increased free radical reactions and oxidant tissue dam- 
age were associated with diabetes. In diabetic rats, treatment with enalapril im- 
proved the tissue oxidant/antioxidant status by increasing total glutathione in 
kidney and liver and by decreasing lipid oxidation and oxidation of glutathione 
and proteins in heart and kidney (de Cavanagh et al. 2001). The increased renal 
expression of the NADPH oxidase component p47phox but not gp91phox in di- 
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abetic rats was prevented by ACE inhibition (Forbes et al. 2002; Onozato et al. 
2002). Furthermore, nitrotryosine, a marker of protein oxidation, was found to 
be increased in kidneys of diabetic rats and was attenuated in ACE inhibitor- 
treated animals. 

In renal failure as well as in diabetes, levels of advanced glycation end prod- 
ucts (AGE) are elevated and contribute to the progression of the disease. Fur- 
thermore, AGEs increase oxidative stress and induce the expression of TGY-ft 
(Oldfield et al. 2001; Vlassara and Palace 2002). In streptozotocin-induced dia- 
betes treatment with ramipril attenuated the accumulation of AGEs in the kid- 
ney to a similar degree as the AGE formation inhibitor aminoguanidine (Forbes 
et al. 2002). 

3.10 

Cognitive Enhancement 

The role of angiotensin II in cognition and behaviour has been extensively re- 
viewed recently (Gard 2002). Preclinical investigations have suggested that ACE 
inhibitors may improve cognition in animals. In these studies, ACE inhibitors 
increased basal performance in young and old animals and reversed the impair- 
ment in cognitive performance caused by the muscarinic antagonist scopol- 
amine (Costall et al. 1989). The precise mechanism of action is still unknown. 
ACE has been localized in different regions of the rat brain and is involved in 
the metabolism of several neuropeptides such as Ang II, substance P and enke- 
phalins, which may all participate in learning and memory processes. Therefore, 
ACE inhibition in the brain may lead to improved cognitive function via block- 
ade of substance P degradation or inhibition of Ang II generation. Ang II has 
been shown to impair performance in learning and memory paradigms in ani- 
mals (Barnes et al. 1989), possibly by interaction with the cholinergic system. 
This is supported by reports showing that Ang II can inhibit the release of ^H- 
acetylcholine in vitro in slices of the rat entorhinal cortex (Barnes et al. 1989; 
Wiemer et al. 1989). Furthermore, ACE inhibitor treatment has been shown to 
enhance acetylcholine metabolism and to increase acetylcholine release in rat 
brain in vivo (Wiemer et al. 1989). Whether or not ACE inhibitors have to pene- 
trate the blood-brain barrier to exert their central actions is currently not clear. 
If access to brain regions inside the blood-brain barrier is a prerequisite more 
lipophilic ACE inhibitors with a higher propensity to penetrate the blood-brain 
barrier such as ramipril (Gohlke et al. 1989) should be more efficient than more 
hydrophilic ACE inhibitors. Theoretically, ACE inhibitors can act on brain areas 
known to lack a blood-brain barrier such as the circumventricular organs to 
modify the activity of neurons involved in the control of mental processes. In 
this case, the lipophilic property of an ACE inhibitor will be less important for 
the central ACE inhibitor effect on cognition. 

While the enhancing potencies of ACE inhibitors on cognitive functions have 
been assessed for the most part in animal studies, investigations in humans are 
scarce, and the results do not unequivocally support the assumption of a memo- 
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ry-improving capacity of ACE inhibitors (Frcka and Lader 1988; Lichter et al. 
1986). Clearly more studies are necessary to establish a possible beneficial ac- 
tion of ACE inhibitors in the treatment of cognitive dysfunctions of various aeti- 
ologies such as Alzheimer’s disease or senile dementia. 

In summary, several cardiovascular risk factors such as hypertension, LVH 
and remodelling, endothelial dysfunction, atherosclerosis or insulin resistance 
were positively influenced by ACE inhibitor treatment. These effects of ACE in- 
hibitors help to explain their clinical benefit in congestive heart failure, postmy- 
ocardial infarction, chronic renal insufficiency, atherosclerotic diseases and dia- 
betes mellitus. 
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Abstract Innovative chemical modifications of the first nonpeptide imidazole 
antagonist of Ang II led to the synthesis of various new orally active agents with 
increased potency and improved bioavailability (13%-80%). They block specifi- 
cally and selectively the angiotensin ATi receptor without intrinsic agonist 
properties. The angiotensin receptor blockers (ARB) can be classified as sur- 
mountable, (losartan, eprosartan, telmisartan), insurmountable (candesartan) 
or mixed (valsartan, irbesartan, olmesartan) antagonists depending on their de- 
gree of tight binding and their dissociation rate. Candesartan and olmesartan 
are administered as prodrug converted to the active compound upon absorp- 
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tion. The ARBs are excreted essentially in the bile and mainly unchanged. If bio- 
transformed, it involves oxidative reaction and conjugation. The metabolism of 
irbesartan, losartan, and candesartan requires cytochrome P450 enzymes. There 
is no accumulation by repeated doses. Plasma concentrations are little influenced 
by mild-to-moderate renal impairment but caution may be required in patients 
with hepatic insufficiency due to the biliary mechanism of excretion. Losartan is 
unique by its uricosuric property. In general, the ARBs do not interfere with oth- 
er drugs in a clinically significant way, but caution should be taken if prescribed 
with potassium-sparing agents or supplements, especially in elderly patients with 
reduced renal function. The ARBs are generally well tolerated with an incidence 
of adverse effects or withdrawals similar to the placebo. First-dose hypotension is 
uncommon and there is no rebound hypertension after withdrawal. Angio-oede- 
ma is rare. The ARBs are contra-indicated during pregnancy. The efficacy of the 
ARBs in hypertension is well documented in various population and age groups 
and better tolerated than other antihypertensive agents for similar efficacy. The 
first properly powered trial in an hypertensive population, LIFE with losartan, 
has demonstrated a beneficial effect on the primary composite endpoint, includ- 
ing cardiovascular death, myocardial infarction and stroke, even more impressive 
in a diabetic subgroup. Based on the result of Val-HeFT, valsartan is approved in 
heart failure patients intolerant to ACE inhibitor. The renoprotective effect of the 
ARBs was demonstrated in diabetic nephropathy with irbesartan, losartan and 
valsartan. Various clinical studies suggest a beneficial effect of the ARBs beyond 
the blood pressure fall. Several large trials are in progress to establish the efficacy 
of the ARBs in patients with LV dysfunction following recent myocardial infarc- 
tion. As blockade of the ATi receptor is accompanied by increased plasma Ang 
II, the potential of the stimulation of the unblocked AT 2 receptor is discussed. 
Possible further indications for ARB are also briefly reported. 

Keywords losartan • EXP3174 • Valsartan • Irbesartan • Candesartan • 

Eprosartan • Telmisartan • Olmesartan 

In 1956, Skeggs and co-workers (1956) suggested that it should be possible to 
prevent the vasoconstrictive action of angiotensin II on smooth muscle cells by 
means of analogues of the peptide. This concept lead to the synthesis of a large 
number of compounds culminating in saralasin, an octopeptide, which differs 
from Ang II in having the first (Asp) and last (Phe) amino acids replaced by sar- 
cosine and alanine, respectively (Pals et al. 1971). Its peptide nature necessitat- 
ing parenteral administration, its short half-life and its partial agonistic proper- 
ties limited its clinical usefulness to that of a diagnostic probe for renin-depen- 
dent forms of hypertension. 

Ten years later, nonpeptide structures with specific but weak Ang II receptor 
binding activity were synthesized and patented by Furakawa et al. at Takeda, Ja- 
pan (1982) These 1-benzylimidazole 5-acetic acid derivatives were further opti- 
mized by DuPont Pharmaceuticals, resulting in losartan (Table 1), the first of a 
new class of orally active agents with specific and selective affinity for the Ang 
II ATi receptor (Timmermans et al. 1993) 




Table 1 Structure of some angiotensin receptor antagonists and their affinity for the ATi receptor 

Losartan Exp 3174 Val&artan Irbesartan 
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An imidazole ring and an acidic biphenyltetrazole substituent characterize 
losartan (Furakawa et al. 1982). Replacing the imidazole ring, either with an 
acylated amino acid (valsartan) (Buhlmayer et al. 1994), an imidazolone moiety 
(irbesartan) (Bernhart et al. 1994) or a carboxy-benzimidazole (candesartan) 
(Noda et al. 1993) led to other ATi receptor antagonists. Incorporation of a car- 
boxylic acid such as the biphenyl acidic group and substitution of a second 
phenylimidazole moiety at the six-position of the primary heterocycle gives 
Telmisartan (Wienen et al. 1993). Similarly, replacement of the imidazole ring 
by a fused six-membered ring heterocycle (dihydro-pyrido-pyrimidine-one) to 
form a quinazolinone derivative characterizes tasosartan (Ellingboe et al. 1994). 
Olmesartan is an imidazolecarboxylic acid derivative (Koike et al. 2001) and 
saprisartan is an imidazolecarboxylic acid amide (Judd et al. 1994). The imidaz- 
ole-5-position of the original Takeda lead was also extended via a transacrylic 
acid group to yield eprosartan (Weinstock et al. 1991). This is the only ATi re- 
ceptor antagonist that belongs to a nonbiphenyl, nontetrazole class of com- 
pounds. These various structures share some common features, but their differ- 
ences may confer distinct pharmacodynamic and pharmacokinetic properties. 
By blocking the renin angiotensin system (RAS), ATi receptor antagonists share 
many properties of angiotensin-converting enzyme (ACE) inhibitors but can be 
differentiated in three ways: 

1. Highly selective antagonism of the ATi receptor while the AT 2 receptor re- 
mains completely unblocked 

2. Blockade of Ang II regardless of whether generated via ACE or by alterna- 
tive pathways 

3. Absence of actions nonspecific for the RAS (e.g. no blockade of bradykinin 
metabolism) 

1 

Pharmacology of the Angiotensin Receptor Antagonists 



1.1 

Binding 

All the angiotensin receptor antagonists bind competitively and reversibly to 
the ATi receptor with variable affinities, depending on the tissue source of the 
receptor, the radioactive ligand, and the assay conditions. A precise comparison 
is difficult, as not all ARBs have been tested simultaneously. 

In ATi transfected Chinese hamster ovary cells (CHO), the rank-order of po- 
tency is candesartan >EXP 3174 (the active metabolite of losartan) >valsartan 
>irbesartan >>losartan (Fierens et al. 1999; Vanderheyden et al. 1999; Verheijen 
et al. 2000) (Table 1). Eprosartan and telmisartan have higher affinities than 
losartan and are in the range of those of valsartan and irbesartan (Noda et al. 
1993; Wienen et al. 1993). Olmesartan has a reported IC50 of 8 nM in the adrenal 
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cortex membrane, whereas losartan and candesartan show an IC50 of 92 and 
12 nM, respectively (Brunner 2002). 

Preincubating the antagonists with the receptor before adding the radioactive 
and nonradioactive ligand allows differentiation into three types of antago- 
nists: surmountable, insurmountable and mixed surmountable-insurmountable 
(Vanderheyden et al. 2000; Verheijen et al. 2000). This may explain the counter- 
clockwise hysteresis observed between a decrease in blood pressure and plasma 
concentration (Delacretaz et al. 1995). Losartan, eprosartan and tasosartan ex- 
hibit surmountable antagonism: a dose-dependent parallel shift to the right of 
the Ang II dose-response but full expression of the agonist at high dosage of 
Ang II. These antagonists dissociate rapidly from the binding site. 

In contrast, candesartan is fully insurmountable. There is a progressive non- 
parallel rightwards shift of the response to Ang II and a decrease in the maximal 
effect of Ang II with increasing concentration of candesartan. The very slow dis- 
sociation of candesartan from its binding site (Tl/2 152±58 min) and the time 
required for the recovery of functional ATi receptor (6-8 h) suggest that there is 
a re-association of the released candesartan to its binding site. Olmesartan also 
appears to be an insurmountable antagonist (Koike et al. 2001) 

Valsartan, irbesartan, telmisartan and EXP3174 are of the mixed type (Skeggs 
et al. 1956; Vanderheyden et al. 2000; Verheijen et al. 2000). These compounds 
bind to the receptor both in a high-affinity, slow-dissociating state and a low-af- 
fmity high-dissociating state. Therefore, as the antagonist dissociates from the 
receptor, there is a progressive restoration of the functional response to the ago- 
nist. The proportion of the labile and tight binding sites will affect the curve re- 
sponse of Ang II. The higher the dissociation constant of the tight binding sites, 
the greater the decrease in the maximal response. Thus, the insurmountable or 
mixed antagonists produce a form of pharmacological down-regulation of the 
ATi receptor. Increased circulating plasma Ang II levels can displace a competi- 
tive surmountable antagonist but not an insurmountable or mixed antagonist. 

None of the nonpeptide antagonists has a significant affinity for the AT2 re- 
ceptor, indicating that at the concentration measured in the plasma of the pa- 
tient, the AT2 receptor remains free for binding of Ang II, whereas the ATi re- 
ceptor is blocked. Intrinsic agonist properties of the nonpeptidic ATi antagonist 
have not been demonstrated in vivo either in animals or in humans. 

The ATi receptor antagonists do not show affinity for other hormonal recep- 
tors or channels. However, tritiated losartan binds extensively to another site, 
which is not recognized by Sar^-Ile^ Ang II. The nature of this site is still conjec- 
tural (de Gasparo and Whitebread 1995). 

Candesartan cilexetil and olmesartan medoxomil are inactive ester prodrugs 
which are rapidly hydrolysed in the gastrointestinal tract (Morimoto and Ogi- 
hara 1994; Warner and Jarvis 2002). Losartan is not a prodrug. It has moderate 
affinity for the AT 1 receptor. Fourteen percent of losartan, however, is converted 
to a metabolite, EXP3174, which has a 70-fold greater affinity for the receptor 
than losartan itself (Goa and Wagstaff 1996). The methyl hydroxyl group of the 
imidazole ring is oxidated to the carboxylated form. 
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1.2 

Pharmacokinetics 

The pharmacokinetic characteristics of the ATi receptor antagonists are sum- 
marized in Table 2 (Ellingboe et al. 1994; Morimoto and Ogihara 1994; Goa and 
Wagstaff 1996; Gillis and Markham 1997; Markham and Goa 1997; McClellan 
and Goa 1998; McClellan and Markham 1998; Sharpe et al. 2001; Brunner 2002; 
Easthope and Jarvis 2002; Warner and Jarvis 2002). The bioavailability of these 
agents varies from 13% for eprosartan to 80% for irbesartan. There is a clear re- 
duction in bioavailability when valsartan is administered with food. However, 
this reduction occurs mainly in the time period 0-6 h after dosing and the mean 
plasma valsartan concentrations from 6-24 h are similar in the fed and fasted 
state. As valsartan is not extensively metabolized and has a low plasma clear- 
ance (2 1/h), the reduction in bioavailability is most likely to be caused by a 
slower rate of absorption. A negligible reduction of bioavailability is observed 
when eprosartan and telmisartan are taken with food. 

The volume of distribution varies considerably between the antagonists de- 
pending on lipophilicity and/or plasma protein binding. Candesartan (9.1 1), 
EXP 3174 (12 1), eprosartan (13 1), valsartan (17 1), olmesartan (29 1), losartan 
(34 1) have significantly lower volumes of distribution than those of irbesartan 
(53-93 1) and telmisartan (500 1). A large volume of distribution may correlate 
with a higher plasma clearance: 10 1/h and 60 1/h for irbesartan and telmisartan, 
respectively, compared to 1.4 1/h for candesartan and olmesartan, 2 1/h for val- 
sartan, 2.8 1/h for EXP 3174, 4.4 1/h for losartan and 7.8 1/h for eprosartan. Plas- 
ma clearance, however, is generally low compared to hepatic blood flow (90 1/h). 

All the ATi receptor antagonists exhibit extensive binding to plasma protein 
(Morsing 1999). For example, the free plasma fractions of losartan and EXP 
3174 do not exceed 1.3% and 0.2%, respectively. Large volumes of distribution 
does not appear to be limited by high-protein binding, however, although only 
the free fraction of the drug should be available for distribution outside the 
plasma compartment. Assuming a plasma volume of 6 1, an extracellular volume 
of 22 1 and a total body water of 85 1, the high volume of distribution of irbesar- 
tan and telmisartan suggests that these substances concentrate at one or more 
sites and may gain access to the intracellular compartment, as a consequence of 
lipophilicity. Indeed, telmisartan has the highest lipophilicity of the ATi recep- 
tor antagonists, with a calculated log P of 7.992. 



1.3 

Metabolism and Elimination 

The CYP450 isoenzymes 2C9 and 3A4 are responsible for the formation of the ac- 
tive metabolite of losartan, EXP3174 (Stearns et al. 1995; Yun et al. 1995). In this 
reaction, there is the formation of a highly reactive aldehyde intermediate EXP 
3179. Irbesartan is metabolized negligibly by the isoenzyme 3A4. It is further oxi- 
dized and glycuronidated by the isoenzyme 2C9 (Marino and Vachharajani, 




Table 2 Pharmacokinetic properties of some angiotensin receptor antagonists 

Losartan Exp 3174 Valsartan Irbesartan Candesartan Eprosartan Telmisartan Olmesartan 

(Cozaar) (Diovan) (Aprovel Avapro) (Atacand, Biopress) (Teveten) (Micardis) 

Bioavailabifity 33% 14% 25% 60%-80% Prodfug 42% 13% Prodrug 28% 
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2001). A minor hepatic inactive metabolite of candesartan is formed trough the 
isoenzyme 2C9, whereas small percentages of valsartan, eprosartan and telmisar- 
tan are metabolized to inactive derivatives by a cytochrome P independent mech- 
anism. 

As all ATi receptor antagonists are excreted mainly unchanged in the bile, 
caution may be required in patients with hepatic insufficiency. Neither losartan, 
EXP 3174 nor candesartan is dialyzable. 



1.4 

Pharmacodynamics 

Essentially three models have been used to compare the pharmacodynamic 
action of the ATi receptor antagonists in healthy volunteers: intravenous 
Ang II bolus injection, activation of endogenous RAS and direct measurement 
of ATi receptor blockade. Several antagonists have been compared in the same 
study either at the recommended starting doses for treatment of hypertension 
(Mazzolai et al. 1999) or at escalating oral doses (Belz et al. 2000). 

Compared with placebo, a single dose of irbesartan (150 mg) caused a greater 
and more sustained blockade of the ATi receptor than that after a single dose of 
losartan (50 mg) or valsartan (80 mg) in healthy volunteers challenged by Ang 
II bolus injections. Losartan, valsartan and irbesartan were more effective than 
placebo at 4 h (43%, 51% and 88% blockade, respectively) and 30 h (21%, 26% 
and 45% blockade) after drug intake, but only irbesartan induced a significant 
residual blockade 30 h after dosing. Evaluation of in vitro receptor blockade 
capacity of plasma in the binding assay in smooth muscle cell membrane, an 
indirect measure of the plasma concentration, produces compatible results 
(Maillard et al. 1999). Plasma active renin and Ang II concentration increase 
proportionally to the extent of receptor blockade (Azizi et al. 1999a, 1999b; 
Mazzolai et al. 1999), but this is a less sensitive marker. Indeed, the percentage 
of change compared with baseline at peak or evaluated over 24 h (AUC) after 
single-dose administration of losartan, candesartan or valsartan indicates that 
losartan 50 mg, valsartan 80 mg and candesartan 8 mg are equivalent, whereas 
valsartan 160 mg and candesartan 16 mg are not significantly different (Azizi et 
al. 1999a, 1999b). These studies are limited by the use of only a single dose level 
of each ATi receptor antagonist. 



> 



Fig.1 A Time-course of median dose ratios given as DR-1 following consecutive administration of oral 
doses of 4, 8, 16 mg candesartan cilexetil, 75, 150, 300 mg irbesartan, 25, 50, 100 mg losartan, 20, 40, 
80 mg telmisartan, and 40, 80, 160 mg valsartan. A value of DR-1 of 1 represents 50% blockade of 
receptor blockade in vivo. D1, D2 and D3 represent the administration of the low, middle and high 
dose, respectively. B-D Schild regression plots (median DR-1 vs dose) for 4, 8 and 24 h after dosing. 
A Candesartan cilexetil, ♦ irbesartan, # losartan, Q telmisartan, ■ valsartan. (Adapted from Belz et 
al. 2000) 
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An inconsistent reduction in plasma aldosterone has been reported. This ob- 
servation supports modulation of aldosterone release by pathways other than 
Ang II such as potassium levels and changes in acid/base balance. 

The pharmacological potency of increasing doses of various antagonists has 
also been assessed in vivo from the rightward shifts in Ang II dose-response 
curves for diastolic blood pressure in a randomized, double-blind parallel group 
design (Belz et al. 2000). The dose ratio, i.e. the extent by which the antagonist 
shifts the agonist response curve to the right, and the apparent JCi, i.e. the dose 
required to induce a twofold shift in the dose-response corresponding to 50% 
receptor blockade, were calculated ( Belz et al. 1999, 2000; Belz 2001). Valsartan, 
telmisartan, losartan and candesartan inhibit dose-dependently the Ang Il-in- 
duced increase in diastolic blood pressure. The median dose-ratios were not sig- 
nificantly different for candesartan (22) irbesartan (18), losartan (19) and val- 
sartan (16), but the dose-ratio of telmisartan is significantly lower (8). Using the 
Schild regression technique, it appears that candesartan produces antagonistic 
effects at the lowest doses, indicating that it has the greatest pharmacological 
potency (Fig. 1). The apparent 24-h K[.doses are 1, 123, 54, 93 mg for candesar- 
tan, irbesartan, telmisartan and valsartan, respectively, i.e. within the dose range 
recommended for clinical use in hypertensive patients. This model allows calcu- 
lation of a functional plasma half-life in the range of 8-10 h for these drugs, 
whereas the value is less than 5 h for losartan. For irbesartan and telmisartan 
these results are slightly lower than expected from pharmacokinetics data, indi- 
cating that pharmacokinetic measures do not reliably predict pharmacodynam- 
ic responses. The Schild plot analysis also allows the detection of a second coun- 
ter-regulatory vasodilatory mechanism, e.g. an increase in plasma renin activity 
as observed with irbesartan compared to candesartan (Belz 2003). This should 
be interpreted with caution as the increased circulating Ang II may favour the 
action of the ATi receptor blockade trough stimulation of the AT 2 (see below). 

Ang II increases norepinephrine release through activation of prejunctional 
AT 1 receptor located on sympathetic nerve terminals and therefore enhances va- 
soconstriction through stimulation of the al adrenoceptors. Eprosartan, which 
does not contain the biphenyl-tetrazole moiety, has been reported to block the 
pressor response induced by activation of the sympathetic outflow in pithed rats 
(Ohlstein et al. 1997). Equivalent doses of losartan, valsartan and irbesartan 
were ineffective in this model, but this result has not been confirmed. The in- 
creased diastolic blood pressure following electrical stimulation of the thoraco- 
lumbar sympathetic outflow in pithed rats is blocked by all ATi antagonists test- 
ed, suggesting a class effect (Balt et al. 2001). Results in two other models con- 
firm this observation. Similarly, ATi receptor antagonists inhibit Ang II concen- 
tration-dependent enhancement of the electrically stimulated efflux of ^H-nor- 
epinephrine in isolated left rat atria but with different potency (Shetty and 
Delgrande 2000). Thus, ATi receptor antagonists inhibit vasoconstriction direct- 
ly by acting on the vascular ATi receptor and indirectly in inhibiting the pre- 
junctional ATi receptor. 
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1.5 

Additional Properties of ATi Receptor Antagonists 

Losartan has a dose-dependent uricosuric effect in healthy volunteers, in sodi- 
um-replete hypertensives and in patients with hypertension and renal diseases. 
This is a specific effect on urate transport, independent of Ang II blockade 
(Burnier et al. 1996); nor is a uricosuric effect observed with the metabolite EXP 
3174 or with the other AT] receptor antagonists. The uricosuric effect of losar- 
tan may be beneficial in cyclosporin-treated patients having received transplants 
since cyclosporin induces hyperuricaemia (Minghelli et al. 1998). However, it 
may be a potential hazard to patients predisposed to urate stone formation, i.e. 
in nephrolithiasis, low urinary flow or aciduria. However, such an adverse effect 
has not yet been described, probably because the urinary pH tends to increase 
slightly during treatment with AT i receptor antagonists. 

Losartan and irbesartan also reduce platelet aggregation in vitro and inhibit 
competitively TXA2/PGH2 platelet receptor binding (Li et al. 2000; Liu et al. 
1992). The aldehyde EXP3179, an intermediate in the formation of the active 
metabolite EXP3174, may be responsible for the anti-inflammatory and antiag- 
gregatory properties of losartan (Kramer et al. 2002). EXP 3174 itself, valsartan 
and candesartan have no such effect, indicating that the requirement for bind- 
ing to ATi and platelet receptors is different (Lopez-Farre et al. 2001). Since a 
transient metabolite is responsible for this action, the antiplatelet activity of 
losartan is probably without major clinical significance. 



1.6 

Drug Interaction 

The metabolism of losartan and irbesartan is CYP450 dependent and involves 
the 2C9 and 3A4 isoenzymes (Stearns et al. 1995). Inhibitors of 2C9 or of 3A4 
decrease EXP3174 formation. Inhibition of GYP 2C19 with fluconazole increases 
both Cmax and AUG of losartan by 30% and 66%, respectively, and reduces 
these variables for EXP 3174 by 56% and 43% (Kazierad et al. 1997). The GYP 
450 enzyme-inducer phenobarbital reduces the losartan:EXP3174 ratio by 20%, 
without affecting the half-life of EXP 3174 (Goldberg et al. 1996). A study in 
healthy individuals expressing different CYP450 2C9 genotypes did not demon- 
strate, however, a difference in the pharmacokinetics of losartan and its active 
metabolite (Lee et al. 2003). Although irbesartan does not require biotransfor- 
mation for its pharmacological activity, its oxidative metabolism also involves 
GYP 2C9 and 3A4 isoenzymes, and fluconazole increases Cmax by 19% and the 
AUG by 63% (Marino and Vachharajani 2001). GYP 450 inhibitors or inducers 
do not affect the metabolism of other AT i receptor antagonists. 

Therefore, for losartan and perhaps for irbesartan, there is a potential risk of 
interaction with other drugs, which induce these CYP450 isoenzymes. Competi- 
tion at the enzymatic level between drugs metabolized through the CYP450 may 
alter disposition, leading to increased plasma levels and greater risk of adverse 
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events. Such drugs include not only fluconazole, rifampicin, dexamethasone or 
carbamazepine, but also several agents often used concomitantly to treat hyper- 
tensive patients, e.g. statins, calcium channel blockers and oral antidiabetic 
drugs. Available clinical studies have demonstrated very little clinically signifi- 
cant interference. However, in rheumatoid arthritic patients in acute exacerba- 
tion and in remission, there is an inverse correlation between the C reactive pro- 
tein levels, a marker of inflammation and endothelial dysfunction, and the for- 
mation of EXP 3174, suggesting that inflammation could alter the activation or 
metabolism of the CYP 450-dependent antagonist such as losartan, leading to 
changes in clinical efficacy (Lewanczuk, 2002). Telmisartan coadministered with 
digoxin is associated with an increase in plasma digoxin levels (49% and 20% at 
peak and trough, respectively), suggesting a need to monitor digoxin levels to 
avoid overdosing. Coadministration of valsartan, losartan and candesartan 
cilexetil with hydrochlorothiazide reduced the AUC of the diuretic by 31%, 17% 
and 14%, respectively, whereas hydrochlorothiazide increases plasma levels of 
candesartan by 31% (Jonkman et al. 1997). This is without clinical conse- 
quences. 

In general, the AT i receptor antagonists do not interfere with other drugs in a 
clinically significant way. However, caution should be taken if prescribed with 
potassium sparing agents or supplements because of the risk of severe hyper- 
kalaemia, especially in elderly patients with reduced renal function. 



1.7 

Safety and Tolerability 

The ATi receptor antagonists do not directly interfere with any enzymatic pro- 
cesses of the RAS and do not affect either bradykinin or aminopeptidases 
metabolism. This is probably the reason why they are generally very well toler- 
ated. The frequency of adverse events is not related to age, sex or dose and is 
indistinguishable from that with placebo. The overall incidence of any reported 
clinical adverse effects and the withdrawal rate in patients receiving ATi recep- 
tor antagonists were similar to that in placebo-treated patients (Fogari et al. 
2000; Mazzolai and Burnier 1999). A recent retrospective analysis of prescrip- 
tion confirmed a higher persistence rate with ATi receptor antagonists in com- 
parison with other antihypertensive drugs over a 3 -year period (Bloom 1998; 
Degli et al. 2002). The most common adverse effects reported were dizziness, 
headache, asthenia and fatigue. The relationship of these symptoms with drug 
administration is uncertain. No significant and consistent adverse effects on 
haematology and clinical chemistry were noted. Clinically relevant hyper- 
kalaemia is unusual but serum potassium levels should be monitored when ATi 
receptor antagonists are administered to patients with renal insufficiency, in di- 
abetes mellitus or when potassium-sparing diuretics or potassium supplements 
are prescribed concomitantly. Changes in liver enzymes occur rarely and are 
usually transient. Tasosartan was uniquely associated with more significant liver 
damage, leading to its withdrawal. 
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A rapid fall in blood pressure is uncommon even in the elderly, although in 
patients who are volume-depleted or with blood pressure highly dependent on 
activation of the RAS, dramatic falls may be expected. Despite the high circulat- 
ing Ang II plasma levels after ATi receptor blockade, there is no rebound hyper- 
tension after withdrawal of therapy. This may be due to down-regulation of the 
ATi receptor observed particularly with the insurmountable antagonists and the 
prolonged elimination half-life of ATi receptor antagonists compared with that 
of Ang II. 

There is usually no significant change in glomerular filtration rate. A de- 
creased creatinine clearance may be observed in patients cotreated with high 
doses of diuretics or those on a severely salt-restricted diet. The incidence of 
cough is similar to that with placebo and significantly less common than that 
with ACE inhibitors (Black et al. 1997; Lacourciere, 1999; Easthope and Jarvis 
2002). Angio-oedema is occasionally observed with ATi receptor antagonists, 
mainly in patients with prior history of ACE inhibitor-associated angio-oedema 
(Frye and Pettigrew 1998; Van Rijnsoever et al. 1998). Sixty-three cases have 
been reported during postmarketing with irbesartan in Australia, the only ATi 
receptor antagonist commercially available in that country (Howes and Tran 
2002 ). 

ATi receptor antagonists should not be prescribed during pregnancy because 
of the risk of dysembryogenesis as well as severe hypotension and renal failure 
in the newborn. As these drugs are detected in the milk of the lactating rat, cau- 
tion should be observed in the breast-feeding mother. 

In conclusion, the Ang II antagonists appear to be the anthypertensive drugs 
with the lowest incidence of adverse effects. 

2 

Clinical Applications 



2.1 

Hypertension 

The ATi receptor antagonists are effective antihypertensive drugs when the RAS 
is normal or increased (renovascular hypertension, genetic hypertension; nega- 
tive sodium balance). These agents are less effective or even inactive when the 
RAS is suppressed or when there is a positive sodium balance (DOGA salt rat 
model, high-sodium diet). In theory, genetic factors such as polymorphism of 
the ATi gene (Vuagnat et al. 2001) could affect the consistency of the response 
to ATi receptor antagonists. In the general management of hypertension, where 
RAS phenotype and genotype are not assessed routinely, all ATi receptor antag- 
onists exhibit similar antihypertensive response rates. 

The antihypertensive effect of ATi receptor antagonists is linked to a direct 
and indirect inhibition of the vasoconstrictive action of Ang II and cate- 
cholamines, resulting in decreased systemic vascular resistance and improved 
hydroelectrolytic homeostasis (decreased tubular sodium and water reabsorp- 
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tion, reduced aldosterone secretion). The heart rate remains unchanged despite 
the fall in blood pressure following blockade of the catecholamine release. Fur- 
thermore, inhibition of the autocrine and paracrine effects of Ang II such as 
vascular smooth muscle hypertrophy and extracellular matrix stimulation by 
the ATi receptor antagonists probably contributes to the long-term beneficial 
outcome. Whereas blockade of the endocrine effect of Ang II is immediate, inhi- 
bition of autocrine/paracrine effects requires time to develop. 

ATi receptor antagonists have a gradual onset of action and a smooth antihy- 
pertensive effect. First dose hypotension is therefore not a clinical problem. 
However, sodium and volume depletion, with consequent activation of the RAS, 
should be corrected to avoid excessive reduction in blood pressure. The maxi- 
mal effect of ATi receptor antagonists usually appears between 2 and 5 weeks, 
depending on the drug and dose. Clinical studies have established the antihyper- 
tensive efficacy of ATi receptor antagonists in patients with mild to moderate or 
severe hypertension irrespective of age (Argenziano and Trimarco 1999; Neldam 
and Forsen 2001), race (Levine 1999; Weir et al. 2001) or gender (Gradman et al. 
1999a) The responder rate defined as diastolic blood pressure < 90 mmHg 
or fall in diastolic blood pressure >10 mmHg varies between 50% and 65% 
(Gradman et al. 1995; Holwerda et al. 1996; Gradman et al. 1999b; Hedner et al. 
1999). 

ATi receptor antagonist efficacy has been investigated in comparative trials 
against placebo, against other antihypertensive drugs (ACE inhibitors, calcium 
channel blockers, p blockers, diuretics) and against each other. There is a dose- 
related effect with all ATi receptor antagonists, although losartan appears to ex- 
hibit a shallow, flat dose-response curve (Christen et al. 1991; Neutel et al. 1998; 
Reif et al. 1998; Pool et al. 1999; Piichler et al. 2001). Except for irbesartan evalu- 
ated between 1 and 900 mg (Reeves et al. 1998), however, the dose-response re- 
lationships have been defined in cohorts of patients that were too small and 
over too narrow a dose range, neglecting the lower and upper extremes of the 
dose-response. 

The calculated troughipeak ratio (i.e. the proportion of the peak effect re- 
maining at trough) and 24-h blood pressure ambulatory monitoring have been 
used to evaluate the duration of action of ATi receptor antagonists. The trough:- 
peak ratio for different ATi receptor antagonists varies: losartan (50-100 mg): 
50-75; valsartan (80-160 mg): 66; candesartan (8-16 mg) >80: irbesartan (150- 
300 mg): 58-74; eprosartan (400-800 mg): 67-88; telmisartan (100-200 mg): 
>50. The duration of action of ATi receptor antagonists appears to be dose relat- 
ed. Twenty-four-hour control of blood pressure seems to require twice-a-day 
dosing for losartan as its efficacy during the last 6 h of a 24-h cycle is not differ- 
ent from placebo (Mallion et al. 1999). 

A meta-analysis of all the trials performed with ATi receptor antagonists up 
to October 1998 and including 11,281 patients suggests that all ATi receptor an- 
tagonists have equivalent antihypertensive effects (Conlin et al. 2000). The fall 
of diastolic and systolic blood pressure (without placebo substraction) was 8.2- 
8.9 and 10.4-11.8 mm Hg, respectively. There are several criticisms of this anal- 
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ysis: the included studies had very different designs, treatment durations, com- 
parators and patient populations. Double-blind, randomized comparative stud- 
ies with sufficient statistical power to compare AT i receptor antagonists are rel- 
atively rare. Furthermore, comparisons of valsartan with losartan or irbesartan 
gave different results in different direct comparative studies (Fogari et al. 1999; 
Hedner et al. 2000; Monterroso et al. 2000). Comparisons of candesartan and 
losartan in four parallel groups of about 80 patients with mild to moderate hy- 
pertension indicated a greater effect of candesartan at trough, whereas the drugs 
produced similar falls at peak effect (Andersson and Neldam 1998). 

Multicenter, randomized, double-blind studies with sufficient subjects are 
therefore required. In 207 hypertensive patients, telmisartan (40 and 80 mg) re- 
duced ambulatory blood pressure significantly more than losartan 50 mg during 
the 18- to 24-h postdose period (Mallion et al. 1999). These results suggest that 
losartan at a dose of 50 mg daily may be less effective than other AT] receptor 
antagonists, the difference being more marked at the end of the dosage interval. 
In a cross-over study including 426 patients with mild to moderate hyperten- 
sion, irbesartan (150 mg) was significantly more effective than valsartan 
(80 mg) on ambulatory blood pressure monitoring, although differences were 
modest (Mancia et al. 2000). The calculated equipotent antihypertensive doses 
were 80.5 mg for losartan, 115.5 mg for valsartan, 216.6 mg for irbesartan and 
13.5 mg for candesartan in a double-blind, cross-over study in a small number 
of mild to moderately hypertensive patients (Fogari et al. 2000) (Fig. 2).There is 
an outstanding need to compare ATi receptor antagonists across the dose 
ranges. 

Overall, the ATi receptor antagonists are as effective as other antihyperten- 
sive drugs in various populations and age groups. Using treatment based on 
drugs of this class, it is therefore possible to obtain and maintain long-term and 
optimal reduction in blood pressure. Compared to calcium channel blockers 
(Chan et al. 1995; Kloner et al. 2001; Stumpe and Ludwig 2002), p blockers 



recommended starting dose dose-titration at week 6 




— SBP - - DBP * VS placebo; + vs other antagonists 

Fig. 2 Mean sitting blood pressure (± SO) after placebo run-in or washout period and active 
treatment with the recommended starting doses or with dose titration at the 6th week (♦■). (Adapted 
from Fogari et al. 2000) 
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(Dahlof et al. 1995; Stumpe et al. 1998; Ball et al. 2001) and ACE inhibitors 
(Black et al. 1997; Sever 1997; Larochelle et al. 1997; Gavras and Gavras 1999; 
Neutel et al. 1999), the ATi receptor antagonists are as effective in lowering 
blood pressure but better tolerated. 

The efficacy of the ATi receptor antagonists, as of any other antihypertensive 
drugs, is usually defined with regard to a surrogate endpoint, i.e. blood pres- 
sure. However, the ultimate goal of the treatment is really to improve mortality 
and morbidity (Cohn 2002). The results of the first properly powered trial, LIFE 
(Losartan Intervention For Endpoint) are now available (Dahlof et al. 2002). 
LIFE compared once daily losartan-based and atenolol-based therapy in 9,193 
patients with hypertension and ECG-determined left ventricular hypertrophy 
(LVH) in a double-blind, randomized, parallel-group design. Average doses of 
losartan and atenolol were around 80 mg daily. Diuretics and other antihyper- 
tensive drugs (except ACE inhibitors, p blockers and other ATi receptor antago- 
nists) could be added as needed to normalize blood pressure. Blood pressure 
decreases were similar in both groups. However, losartan had an effect on the 
primary composite endpoint (all cardiovascular deaths, fatal and nonfatal myo- 
cardial infarction, fatal and nonfatal stroke) 13% greater than that of atenolol 
(p=0.021). The difference was mainly due to a reduction in stroke by 25% in the 
losartan group (p=0.001). Total mortality and rate of myocardial infarction were 
similar in both treatment groups. 

The LIFE study included a diabetes subgroup of 1,195 patients in which 
the results of losartan compared to the p blocker were even more impressive 
(Lindholm et al. 2002). There was a 24% reduction in composite endpoints in 
the losartan group compared with the atenolol group (p=0.031) and a notable 
39% reduction in all- cause mortality. Admission for heart failure was also re- 
duced by 40%. There was also a 25% lower risk of developing diabetes amongst 
patients without diabetes at baseline. 

Losartan induced a greater regression of LVH compare with atenolol. In a 
LIFE substudy (Devereux et al. 2002; Wachtell et al. 2002) using echocardiogra- 
phy, losartan reduces LV mass more than did atenolol (p=0.004) in 960 patients. 
The reversal of LVH was sustained through the mean follow-up of 4.8 years. The 
advantage of losartan could not be explained fully by greater reduction in LV 
mass or other differences between the groups in risk factors. This result clearly 
suggests a beneficial effect beyond the blood pressure fall. 

It is probably fair to extrapolate these results with losartan to other ATi re- 
ceptor antagonists. Indeed, similar results on LVH regression with valsartan, 
irbesartan, candesartan have been reported in smaller trials (Thurmann et al. 
1998; Mitsunami et al. 1998; Malmqvist et al. 2003). The SILVER trial will fur- 
ther compare the effect of irbesartan and of the calcium channel blocker 
felodipine on the regression of the LVH in a large hypertensive population 
(Cohen et al. 1998). 
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SCOPE (Study on Cognition and Prognosis in the Elderly) compared 
candesartan with placebo in nearly 5,000 elderly patients with hypertension 
(Hansson et al. 1999). Active treatment with diuretic, calcium channel blocker 
or p blocker was allowed in both groups. Use of concomitant antihypertensive 
medication in the placebo group was much greater than anticipated and SCOPE 
was underpowered to compare active treatment regimens. There was no signifi- 
cant reduction in the primary endpoint combining cardiovascular morbidity, 
myocardial infarction and stroke, but there was a 28% reduction in nonfatal 
stroke (p=0.041) with candesartan. These differences were greater than might be 
expected for the difference in blood pressure between the groups. The trial 
failed to detect any significant effect of candesartan on cognitive function and 
dementia except in those with evidence of impaired cognitive function at ran- 
domization (Sever et al. 2002). However, in a substudy, comprehensive assess- 
ment of cognitive function using tests validated in the elderly and known to be 
more sensitive demonstrated than the candesartan group showed less decline in 
attention and episodic memory (Lithel et al. 2003). Overall, the results of SCOPE 
support the findings of LIFE. 

VALUE (Valsartan Antihypertensive Long-Term Use Evaluation trial), a com- 
parison of valsartan-based and amlodipine-based antihypertensive treatment in 
15,314 hypertensive patients with high cardiovascular risk, should add substan- 
tially to the evidence for a potential advantage of ATi receptor antagonists. The 
primary endpoint is a composite of cardiovascular death, myocardial infarction, 
heart failure or urgent coronary revascularization (Mann and Julius 1998). The 
target primary endpoint of 1,450 events should be reached by 2004. 

2.2 

Heart Failure 

Heart failure represents the final premorbid stage in the cardiovascular continu- 
um from risk factors to death. Hypertension precedes heart failure in 91% of 
cases (Levy et al. 1996). In heart failure, ACE inhibitors improve haemodynam- 
ics by reducing afterload and increasing cardiac output. A potential advantage 
of ATi receptor antagonists over ACE inhibitors may reside in a more complete 
blockade of the RAS, as AT i antagonism is independent of the alternative path- 
ways involved in Ang II synthesis and does not provoke systemic bradykinin ac- 
cumulation. A change in the AT 1 -AT 2 receptor balance (relative increase in AT 2 
receptors) within the heart may also favor ATi receptor antagonists through 
stimulation of the AT 2 receptor since circulating Ang II is increased secondary 
to both heart failure and ATi receptor blockade of the negative feedback loop, 
which attenuates renin release (Rogg et al. 1996). 

The first studies in heart failure patients have demonstrated a beneficial 
haemodynamic effect of the AT 1 receptor antagonists similar to that of ACE in- 
hibitors but with better tolerance. There is a decrease in pulmonary capillary 
wedge pressure, pulmonary artery diastolic pressure and an increase in cardiac 
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output (Crozier et al. 1995; Regitz-Zagrosek et al. 1995; Mazayev et al. 1998; 
McKelvie et al. 1999). 

However, are ATi receptor antagonists superior to ACE inhibitors? The ELITE 
I trial (Evaluation of Losartan In The Elderly) in a small elderly population with 
heart failure suggested a 46% decrease in mortality in those treated with losar- 
tan (50 mg/d) compared with captopril (50 mg t.i.d) treated subjects (Pitt et al. 
1997). A larger trial (ELITE II) with the same design and recruiting 3,152 pa- 
tients failed to confirm the earlier result (Pitt et al. 1999). Caution is needed in 
interpreting these results, as the low dose of losartan (50 mg/d) employed might 
be insufficient to block efficiently the increased RAS activity in heart failure in 
contrast with full ACE inhibition with captopril. However, a meta-analysis of 17 
randomized relatively small controlled trials that compared ATi receptor antag- 
onists with placebo or ACE inhibitors in 12,469 patients with heart failure indi- 
cated that the ATi receptor antagonists were not superior to comparators in re- 
ducing mortality (Jong et al. 2002). 

Subgroup analysis of patients included in the VAL-Heft trial and treated with 
valsartan with or without j5-blockers but not receiving an ACE inhibitor appears 
more promising (Cohn and Tognoni 2002; Jong et al. 2002). In this population, 
there was a 44% reduction of mortality/morbidity (p<0.001) and a 33.1% reduc- 
tion in all-cause mortality (p=0.017). The rate of hospitalization for heart failure 
was significantly reduced by 53% (p<0.01). These results support the use of ATi 
receptor antagonists with or without P blocker in patients intolerant to ACE in- 
hibitor. Proof of the effectiveness of ATi receptor antagonists in heart failure 
was recently obtained with the results of the CHARM trial (Candesartan in 
Heart failure — Assessment of Reduction in Mortality and morbidity) (Swedberg 
et al. 1999). This study includes an arm that compares candesartan and placebo 
in approximately 2,000 patients intolerant to ACE inhibitors. This comparison 
indicates with sufficient power that candesartan significantly reduced mortality 
and morbidity in patients with symptomatic chronic heart failure (Granger et 
al. 2003). 

As ACE inhibitors prescribed at the recommended dose do not fully inhibit 
circulating ACE in heart failure and Ang II levels may be further enhanced by 
alternative pathways (Jorde et al. 2000), combination therapy with ATi receptor 
antagonist and ACE inhibitor has potential advantages. This may lead to a more 
complete blockade of the RAS, while maintaining any beneficial effect of brady- 
kinin (McDonald et al. 1995). In agreement with this hypothesis, a superior ef- 
fect of this combination on ejection fraction, end diastolic and systolic volumes 
and brain natriuretic peptide (BNP) levels as observed in RESOLVD (Random- 
ized Evaluation of Strategies for Left Ventricular Dysfunction) (McKelvie et al. 
1999). The larger Val-Heft trial confirmed the beneficial effect of valsartan as an 
add-on therapy (to best conventional therapy including ACE inhibitor) on com- 
bined mortality/morbidity, with a risk reduction of 13.2% but with no signifi- 
cant effect on total mortality (Cohn and Tognoni 2002). CHARM (McMurray et 
al. 2003), has confirmed the beneficial effect of the combination therapy in sig- 
nificantly reducing cardiovascular death (adjusted hazard ratio, 0.83). VALIANT 
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(Valsartan In Acute myocardial infarction) (Pfeffer et al. 2000) and ONTARGET 
(ONgoing Telmisartan alone And in combination with Ramipril Global End- 
point Trial) (Yusuf 2002) will further address the add-on hypothesis of addition- 
al benefits of ACEI inhibitor combined with AT i receptor antagonist. These tri- 
als should allow a clearer conclusion in the near future. 



2.3 

Postmyocardial Infarction 

Two outcome trials (OPTIMAAL and VALIANT) are evaluating the role of ATi 
receptor antagonists in patients with LV dysfunction following recent myocar- 
dial infarction. OPTIMAAL, which is powered to detect a difference between 
losartan 50 mg daily and captopril 50 mg thrice daily, has been completed 
(Dickstein et al. 1999). The much larger VALIANT trial is adequately powered 
not only to compare outcomes in patients treated with high doses of valsartan 
(up to 160 mg twice daily) and ACE inhibitor, but also to test the value of com- 
bination therapy of AT i receptor antagonism with ACE inhibitor and, crucially, 
the noninferiority of valsartan compared with an ACE inhibitor. The results of 
VALIANT were recently reported (Pfeffer et al. 2003). As equivalence of valsar- 
tan twice a day with captopril three times a day was confirmed, the superior tol- 
erability of the AT 1 receptor antagonist appears decisive in guiding future clini- 
cal utility. 



2.4 

Renal Disease 

The AT 1 receptor antagonist have effects on kidney function similar to those of 
ACEI inhibitors: renal vasodilation, increased renal blood flow without signifi- 
cant changes in glomerular filtration rate, resulting in a reduction of filtration 
fraction (Cooper et al. 2001). This reflects a preferential dilation of the efferent 
over the afferent arterioles (Fauvel et al. 1996; Price et al. 1997; MacKenzie et al. 
1997; Pechere-Bertschi et al. 1998; Plum et al. 1998; Pricker et al. 1998). Better 
preservation of glomerular filtration rate with ATi receptor antagonists com- 
pared with ACE inhibitors should be beneficial in patients with renal impair- 
ment. There is a modest natriuretic effect following blockade of sodium reab- 
sorption and aldosterone release through blockade of the ATi receptor at proxi- 
mal tubular and adrenal zona glomerulosa sites (Burnier and Brunner 1994). 
This is amplified in the volume-depleted state (Burnier et al. 1996). The natri- 
uretic effect of ATi receptor antagonists (like that of ACE inhibitors) is abol- 
ished by indomethacin, suggesting a non-ATi receptor-dependent mechanism 
(Pricker et al. 1998). 

Like ACE inhibitors, AT] receptor antagonists attenuate microalbuminuria 
and proteinuria, especially in noninsulin-dependent diabetics (Muirhead et al. 
1999). Valsartan decreases the glomerular sieving coefficient, especially of large 
pores, in patients with chronic renal failure (Plum et al. 1998). This improve- 
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ment of structural membrane properties as well as influence on glomerular hy- 
draulic pressure may explain the marked decrease in urinary protein excretion 
with only minor changes in glomerular filtration rate. 

Several clinical trials have confirmed the beneficial effect of ATi receptor an- 
tagonists in diabetic nephropathy. RENAAL (losartan vs conventional antihyper- 
tensive treatment), IDNT (irbesartan vs amlodipine or conventional therapy) 
have demonstrated that ATi receptor antagonists decrease proteinuria and slow 
the progression of the renal disease to a greater extent than calcium channel 
blockers, diuretics or p blockers at equivalent levels of blood pressure control 
(Brenner et al. 2001; Lewis et al. 2001). Moreover, in incipient diabetic nephrop- 
athy characterized by microalbuminuria [IRMA 2 (irbesartan vs conventional 
therapy), MARVAL (valsartan vs amlodipine)], ATi receptor antagonists are su- 
perior in reducing urinary protein and in preserving kidney function (Parving 
et al. 2001; Viberti et al. 2002). As observed with ACEI inhibitors, the renopro- 
tective effect of AT i receptor antagonists occurs independently of blood pressure 
lowering, probably due to a greater fall in glomerular capillary pressure and a 
better antifibrotic effect than observed with other antihypertensive drugs. Pre- 
clinical studies in various animal models have demonstrated a significant reduc- 
tion in TGF-beta and osteonectin (SPARC) with an increased nephrin in the kid- 
ney of diabetic animals after ATi receptor blockade ( Kelly et al. 2000; Cao et al. 
2001; Cooper et al. 2001; Wilkinson-Berka et al. 2001). 

3 

Possible Mechanisms Beyond ATi Receptor Antagonism 

There is accumulating evidence indicating that the AT 2 receptor counterbal- 
ances the effect of the ATi receptor. Usually expressed at low density in the 
adult, the AT 2 receptor is re-expressed in pathological circumstances such as 
congestive heart failure, myocardial infarction, kidney insufficiency, cerebral 
ischaemia or neuronal lesions by reactivation of a fetal gene program. (Nio et al. 
1995; Makino et al. 1996; Rogg et al. 1996; Callinat et al. 1998). Long-term treat- 
ment with ATi receptor antagonist results in an increase in plasma Ang II and 
therefore in a stimulation of the unblocked AT 2 receptor (de Casparo and Siragy 
1999; Horiuchi et al. 1999; Matsubara 1998). The AT 2 receptor has antiprolifera- 
tive properties, it stimulates vasodilation through production of nitric oxide, in- 
duces transient apoptosis, and has antiangiogenic, neurotrophic and antifibrotic 
properties (Tsutsumi et al. 1999; Siragy et al. 2000; Henrion et al. 2001; Silvestre 
et al. 2002; Siragy et al. 2002). Stimulation of the AT 2 receptor has been reported 
to preserve left ventricular function after myocardial infarction (Yang et al. 
2002). 

The pioneering work of Carretero’s group (Liu et al. 1997) has indicated a re- 
duced beneficial effect of losartan in rats with ligated coronary arteries after 
blockade of the AT 2 and the bradykinin B2 receptor. The effect of ACE inhibitor 
as well as that of ATi receptor antagonist was similarly diminished in endotheli- 
al NO synthase knockout mice with heart failure compared to the wild type con- 
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trol animals, suggesting a kinin/NO-mediated mechanism (Liu et al. 2002). 
Stimulation of the AT 2 receptor is also accompanied by an increased of tissue 
interstitial bradykinin, NO and cGMP in kidney as well as in the heart (Tsutsumi 
et all 999; Siragy et al. 2000, 2002). The AT 2 receptor could even be a physiolog- 
ical AT 1 receptor antagonist by forming a heterodimer with the AT 1 receptor, in- 
dependently of any stimulation (Abdalla et al. 2001). 

In contrast to Ichihara et al. (2001), Wu and co-workers (2002) recently re- 
ported that systolic blood pressure, cardiac function as well as remodelling did 
not differ between wild type and AT 2 knockout mice following myocardial in- 
farction. However, the increase in ejection fraction and cardiac output and the 
decrease in LV diastolic dimension, myocyte cross-sectional area and interstitial 
collagen fraction were significantly reduced in AT 2 KO mice treated with valsar- 
tan compared to those treated with enalapril, which similarly improved cardiac 
function and remodelling in both strains. These results suggest that the AT 2 re- 
ceptor does not play an important role in regulation of cardiac function under 
basal and post-MI remodelling conditions and in the beneficial effect of ACE in- 
hibition but is essential for the therapeutic effect of the AT] receptor antagonist. 

This counter-regulatory hypothesis has been challenged by conflicting data 
in other preclinical models (Mazzolai et al. 2000; Mifune et al. 2000; Senbonmat- 
su et al. 2000; Ichihara et al. 2001; Opie and Sack 2001; Schneider and Lorell, 
2001; Wolf 2002). Furthermore, the results of the large clinical trials (Val-Heft, 
LIFE) can be explained without ascribing a major protective role to the unop- 
posed stimulation of the AT 2 receptor. However, the role of AT 2 receptor stimu- 
lation in the action of AT 1 receptor antagonists is supported by recent observa- 
tion of Malmqvist et al. (2003), who reported a negative correlation between the 
Ang II plasma levels and LV mass in irbesartan-treated patients with LVH. The 
greater the Ang II, the lower the cardiac hypertrophy. Unfortunately, the lack of 
pharmacological tools such as AT 2 receptor agonist and antagonist that can be 
used in the clinical setting does not allow the direct verification of such a find- 
ing in humans. 

4 

Perspective 

Encouraged by the proven benefit of ATi receptor antagonists in hypertension, 
heart failure and kidney diseases, other indications for this new class of drug 
are under investigation. 



4.1 

Prevention of Diabetes Mellitus 

The results of LIFE, RENAAL, IRMA, CHARM and CALM suggest that ATi re- 
ceptor antagonists slow the progression or even delay the appearance of diabe- 
tes. Moreover, the observation that the RAS blockade increases adiponectin and 
improves insulin sensitivity in essential hypertension has some potential for the 
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prevention of diabetes (Furuhashi et al. 2003). NAVIGATOR (Nateglimide and 
Valsartan in Impaired Glucose Tolerance Outcome Trial) is evaluating valsartan 
and nateglinide alone and in combination in patients with impaired glucose tol- 
erance to further assess the effect of ATi receptor antagonism and the develop- 
ment of full blown diabetes in a prediabetic population (Califf et al. 2002). 



4.2 

Diabetic Proliferative Retinopathy 

ATi receptor stimulation mediates VEFG and eNOS production and the AT 2 re- 
ceptor stimulation appears to negatively modulate ischaemia-induced angiogen- 
esis through activation of an apoptotic process (Silvestre et al. 2002). These 
mechanisms appear to be involved in the genesis of diabetic retinopathy. There 
is a close inter-relationship between diabetic nephropathy and proliferative reti- 
nopathy (Gilbert et al. 1998). Therefore, by extrapolating the results of RENAAL, 
IDNT and IRMA, a beneficial effect of the RAS blockade in the progression of 
the diabetic retinopathy might be anticipated. In transgenic m(ren-2)27 rats, 
which overexpress renin in tissues, losartan, like lisinopril, prevented inner reti- 
nal blood vessel growth induced by a sequence of hyperoxia and hypoxia 
(Moravski et al.2000). DIRECT (Diabetic Retinopathy Candesartan Trial) is a 
study investigating the effect of candesartan in diabetic retinopathy and should 
establish whether ATi receptor antagonists have a role in the management of 
this condition. 



4.3 

Glaucoma 

The rabbit eye expresses the various components of the RAS (Ramirez et al. 
1996). Captopril reduces intraocular pressure in normal volunteers and in pa- 
tients with primary open-angle glaucoma (Costagliola et al. 1995). In a small pi- 
lot study, losartan administered orally decreased ocular pressure, probably by 
reducing the rate of aqueous humour production (Costagliola et al. 1999) More 
work is required. 



4.4 

Atherosclerosis 

Experimental studies have shown a relationship between Ang II and lipid depo- 
sition in arteries, reactive oxygen species, monocyte activation, stimulation of 
adhesion molecules (ICAM, VCAM) and increased oxidized LDL-cholesterol de- 
position in monocytes (Strawn et al. 2000a; Dzau 2001). The ATi receptor medi- 
ates the inflammatory reaction to Ang II through stimulating nuclear factor 
NF/cB, several proto-oncogenes (cfos, cjun, cmyc) and various growth factors 
such as TGFj5, PDGF. Although a beneficial effect of ATi receptor antagonism 
has been observed in various animal models of diet-induced atherogenesis, sim- 
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ilar inhibition of the atherosclerotic process has not yet been documented in hu- 
mans (De La Heras et al. 1999; Strawn et al. 2000b). 



4.5 

Cancer 



Angiogenesis is essential for tumour progression and metastasis. In vitro as well 
as in vivo, the AT i receptor antagonists have clear antiangiogenic properties due 
to their inhibitory effect on proangiogenic growth factors such as VEGF, bFGF 
and PFGF. ATi receptor antagonists also inhibit growth by blocking the activity 
of various kinase pathways (Greco et al. 2003). Potentially, these drugs may 
therefore constitute a novel approach in prevention of cancer. ACF inhibition 
has been reported to reduced the incidence of cancer in a retrospective cohort 
study of hypertensive patients (Lever et al. 1998). There is a slight excess of can- 
cer in hypertensive patients, mainly because of an association with renal cell 
cancer (Grossman et al. 2002). The possible role of ATi receptor antagonists in 
lowering cancer risk in hypertension merits further study. 



4.6 

Lung Diseases 

Human lung expresses both ATi and AT 2 receptors. The ATi receptor is essen- 
tially localized on vascular smooth muscle cells, macrophages and in the stroma 
underlying the airway epithelium. In contrast. The AT 2 receptor is found in 
bronchial epithelial cell brush border and in mucous glands. In patients with 
chronic obstructive pulmonary disease (COPD), there is a more than fivefold in- 
crease in the AT 1 /AT 2 ratio with a significant overexpression of the ATi receptor 
(Bullock et al. 2001). This observation suggests a potential role of Ang II in lung 
damage. In vitro, losartan inhibits Ang Il-induced human lung fibroblast prolif- 
eration via inhibition of TGF-beta production (Marshall et al. 2000). Valsartan 
also inhibits in vivo fibrosis associated with bleomycin treatment not by inhibi- 
tion of inflammatory cell infiltration into the airways, but by inhibition of the 
release of mediators such as TGF-beta and MCP-1 (Battram et al. 2002). ATi re- 
ceptor antagonists may therefore be beneficial in the treatment of pulmonary fi- 
brotic and airway diseases. 

5 

Conclusion 

The pharmacology ATi receptor antagonists offers a novel approach to the man- 
agement of hypertension and other diseases. These agents provide specific 
blockade of the RAS through a highly selective action in the ATi receptor which 
mediates the detrimental effects of Ang II. Unopposed stimulation of AT 2 recep- 
tors which modulate favourable influences of Ang II may further contribute to 
the overall action. The specificity of the mechanism of action is associated with 
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unsurpassed tolerability. All available agents have prolonged duration of action 
allowing once daily administration, which further facilitates patient compliance. 

The haemodynamic properties of ATi receptor antagonists mean that these 
drugs have favourable actions in hypertension and heart failure. Recent large- 
scale prospective trials have indicated that these effects are translated into out- 
come benefits. In heart failure, ATi receptor antagonists appear to have advan- 
tages equivalent to and additive to those of ACE inhibitors. High-risk hyperten- 
sive patients such as those with type 2 diabetes and nephropathy or LVH treated 
with ATi receptor antagonists gain morbidity and mortality benefits beyond 
those which can be explained by blood pressure reduction. 

Several ongoing trials should further define the role of AT i receptor antago- 
nists in patients with hypertension, heart failure, LV dysfunction postmyocar- 
dial infarction, impaired glucose tolerance and high cardiovascular risk. The fu- 
ture prospects for ATi receptor antagonists is good. Preliminary evidence sup- 
ports the potential for preventing the progression of type 2 diabetes mellitus, 
atherosclerosis and even cancer, for attenuation of microvascular complications 
of diabetes and in the management of glaucoma and lung diseases. A full de- 
scription of the pharmacology of ATi receptor antagonists must await evaluation 
in all these conditions. 
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Abstract Ten years after the introduction for clinical use of losartan, the first 
orally active angiotensin II receptor antagonist, seven compounds — the phar- 
macological characteristics of which are described in this chapter — are regis- 
tered by the US Food and Drug Administration and can be used in the United 
States and in various European countries for the treatment of hypertension, 
heart failure and for the prevention of type-2 diabetic nephropathy. These 
agents have a common mechanism of action — selective blockade of the binding 
of angiotensin II to the subtype I receptor — and an excellent tolerability profile. 
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a real advantage as these agents are prescribed most frequently to asymptomatic 
patients. Within a rather short period of time, a large number of clinical studies 
has demonstrated the efficacy of angiotensin II receptor antagonists as antihy- 
pertensive agents. In addition, the completion of several large outcome trials 
have made it possible to define the potential benefits of these drugs to lower 
morbidity and mortality in various groups of patients, including hypertensive 
and heart failure patients and patients with type-2 diabetes nephropathy. While 
pharmacokinetic and pharmacodynamic differences clearly accounted for clini- 
cally significant differences, at least in terms of blood pressure control between 
antagonists, some unresolved questions still remain such as the right dose to 
use in order to achieve the optimal target organ protection, the role of the AT 2 
receptors or the potential benefits of a combination with ACE inhibitors. These 
questions will probably find their answers in the next few years with the results 
of the ongoing studies. 

Keywords Angiotensin II receptor antagonist • Pharmacology • Large outcome 
trials • Doses • Combination 

1 

Introduction 

Since the beginning of the 1980s, angiotensin-converting enzyme (ACE) in- 
hibitors have been used increasingly and successfully to block the renin-angio- 
tensin system. Clinical trials have demonstrated that ACE inhibitors make it 
possible to reduce the cardiovascular morbidity and/or mortality in patients 
with hypertension (CAPP study: Hansson et al. 1999a; STOP2 study: Hansson et 
al. 1999b), congestive heart failure (the CONSENSUS Study: Kjekshus et al. 
1992), myocardial infarction (Franzosi et al. 1998), type 1 and 2 diabetes (Lewis 
et al. 1993; UKPDS study: Holman et al. 1998), chronic renal failure (REIN 
study: Ruggenenti et al. 1999) and patients with a high cardiovascular risk (The 
HOPE study: Yusuf et al. 2000). However, despite their recognized clinical effica- 
cy, ACE inhibitors still have some limitations. Thus, because the ACE enzyme is 
involved in the metabolism of several other peptides, ACE inhibitors are not de- 
void of side effects such as cough, which has been attributed to nonangiotensin- 
mediated mechanisms (Israili and Hall 1992; Morice et al. 1987). Since ACE also 
contributes to the metabolism of bradykinin, ACE inhibition results in an accu- 
mulation of bradykinin, which may lead to the development of angioedema 
(Nussberger et al. 1998). Finally, during long-term ACE inhibition, plasma an- 
giotensin II levels decrease acutely, but some angiotensin II is still circulating at 
a measurable level during chronic treatment (Juillerat et al. 1990). These mea- 
surable angiotensin II levels are due to the reactive rise in plasma renin activity 
and plasma angiotensin I levels, which lead to the generation of the angiotensin 
II octapeptide, particularly if ACE activity is not fully inhibited around the 
clock. Angiotensin II could also be produced through non-ACE pathways that 
are not affected by ACE inhibitors (Dzau et al. 1993). Therefore it has been pos- 
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tulated that a more specific blockade of the renin-angiotensin cascade at the re- 
ceptor level could lead to a more complete and better-tolerated inhibition of the 
renin-angiotensin system. 

Based on these premises, blockade of angiotensin II ATi receptors with selec- 
tive, nonpeptide, orally active angiotensin II antagonists became available in the 
beginning of the 1990s as an alternative to ACE inhibition. Since then, many an- 
tagonists have been synthesized and several of them (of which losartan was the 
first in 1995) received approval for the treatment of hypertension by the US 
Food and Drug Administration. Six antagonists are currently marketed and 
used in the United States and Europe to treat hypertensive patients and patients 
with congestive heart failure and type 2 diabetes (Burnier and Brunner 2000) 

(Fig. 1)). 

2 

Pharmacology of Angiotensin II Receptor Antagonists 

All angiotensin II receptor antagonists share a common mechanism of action: 
they selectively block the angiotensin II subtype- 1 (ATJ receptors. In normoten- 
sive subjects, all antagonists have been shown to block the blood pressure 
response to exogenous angiotensin II dose dependently (Munafo et al. 1992; 
Christen et al. 1991; Muller et al. 1994; Delacretaz et al. 1995; Hagmann et 
al. 1997; Maillard et al. 1999, 2000; Mazzolai et al. 1999; Ribstein et al. 2001). 
However, as shown in Table 1, these various antagonists differ in their pharmaco- 
logical profile, and these differences may sometimes affect their clinical efficacy 
(Timmermans et al. 1993; Mazzolai et al. 1999; Maillard et al. 2002a). Based on in 
vitro binding studies, ATi receptor antagonists have been divided into two 
groups, surmountable and insurmountable antagonists (Timmermans et al. 1993; 
Morsing et al. 1999; Vanderheyden et al. 1999). Although both groups produce a 
rightward shift of the angiotensin II dose-response curve, the maximal response 
is unaffected by surmountable antagonists such as losartan (Mochizuki et al. 
1995), whereas it is reduced by insurmountable antagonists (such as valsartan, 
irbesartan, candesartan, and telmisartan, for instance), leading to a nonparallel 
displacement of the angiotensin II response curve. Of note, surmountable/insur- 
mountable antagonism only describes the ligand-antagonist interaction occur- 
ring when cells or tissue preparations are preincubated with the antagonist and 
thereafter exposed to the agonist. In contrast, the competitive or noncompetitive 
nature of a drug is related to experimental conditions in which the ligand and 
the antagonist are added simultaneously. Several recent studies have actually 
demonstrated that even though some AT i receptor antagonists are surmountable 
and others insurmountable, all are competitive antagonists, which means that 
they compete with angiotensin II at the receptor level according to the law of 
mass action (Fierens et al. 1999; Vanderheyden et al. 2000a). 

The molecular basis for insurmountable antagonism is still a matter of 
debate and several potential mechanisms have been proposed (De Chaffoy de 
Courcelles et al. 1986; Timmermans et al. 1991; Liu et al. 1992; Wienen et al. 
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Fig.l Oral angiotensin II receptor antagonists 




ATI receptor affinity* \C^: 20 nmol/l 11 nmol/l IC 50 - 17 nmol/l K;. 0.6 nmol/l IC 50 : 15 nmol/l /f,: 33 nmol/l IC 50 : 8.0 nmol/l 

[n vitro Ang II antagonism Surmountable Insurmountable Insurmountable Insurmountable Surmountable Insurmountable Insurmountable 
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1992; Panek et al. 1995; Fierens et al. 1999). Recently, increasing evidence has 
been provided suggesting that a slow dissociation from the receptor resulting in 
an increased longevity of the antagonist-receptor complex is one of the leading 
mechanisms of the insurmountable characteristic of angiotensin 11 receptor an- 
tagonists (Vanderheyden et al. 2000a, 2000b; Maillard et al. 2002b). Of course, 
we must note that the mode of ATi receptor antagonism probably does not play 
a major role in defining the antihypertensive effect of the antagonist (Timmer- 
mans 1999a), but it is likely that a slow off-rate from the ATi receptor may ex- 
tend the time of occupancy of the receptor protein and lengthen the duration of 
antagonism. 

Another common feature of all angiotensin II receptor antagonists is their 
high binding to plasma proteins (>95%), mainly albumin and ai-acid glycopro- 
tein. In general, the protein binding of antihypertensive drugs has little if any 
effect on its clinical efficacy. Yet we have found that some ATi receptor antago- 
nists are so tightly bound to plasma proteins that they do not have any antago- 
nistic effect in vivo (Dup 532). In additional studies, we have demonstrated that 
the strength of the binding between proteins and angiotensin II antagonists dif- 
fers with the various compounds and may affect their efficacy. These data sug- 
gest that the qualitative interaction between ATi receptor antagonists and pro- 
teins, and not necessarily the quantitative aspect of the binding, is an important 
pharmacological characteristic of angiotensin II receptor antagonists (Maillard 
et al. 2001). 

3 

Losartan 

Losartan was the first oral active ATi antagonist to be developed from the 
Takeda series of l-benzylimidazole-5-acetic acid derivatives (Furukawa et al. 
1982) and to be evaluated in humans (Christen et al. 1991). It has been exten- 
sively studied in both animals and human volunteers and its effectiveness as an 
antihypertensive agent was established in the early 1990s. In vitro, losartan se- 
lectively competes with the binding of angiotensin II to ATI receptor with a me- 
dian inhibitory concentration (IC50) of 17-20 nmol/1 (Chiu et al. 1991). Losartan 
undergoes first-pass hepatic metabolism via cytochrome P450 (CYP) isoen- 
zymes 2C9 and 3A4 to its active carboxylic acid metabolic EXP-3174, which is 
10-20 times more potent than losartan and has a longer duration of action than 
losartan itself. In fact, most of losartan’s effects are due to EXP-3174 (Wong et 
al. 1990). However, since the oral bioavailability of EXP-3174 is very low, the 
drug on the market is losartan. On the isolated rabbit aorta, losartan produces a 
surmountable blockade of the contractile response induced by angiotensin II, 
whereas EXP-3174 causes an insurmountable blockade (Chiu et al. 1991; Wong 
et al. 1990). The main pharmacokinetic characteristics of losartan and EXP-3174 
are presented in Table 1. Losartan and its metabolite are excreted by the kidney 
and bile. Neither compound is dialyzed. Food tends to slow the absorption of 
the drug, but this effect has only a minimal clinical impact. Finally, losartan is 
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the only angiotensin II receptor antagonist that increases urinary uric acid ex- 
cretion, thereby lowering plasma uric acid levels. This effect, which is due to the 
losartan molecule itself and not to its active metabolite, has been found in heal- 
thy subjects (Burnier et al. 1993) as well as in hypertensive subjects (Minghelli 
et al. 1998; Wuerzner et al. 2001). The ability of losartan to increase urinary uric 
acid excretion is mediated by an inhibitory action of losartan on the urate/anion 
exchanger found in the brush border of the renal proximal tubule (Roch-Ramel 
et al. 1994, 1997; Burnier et al. 1996). 

The recommended doses of losartan are 50-100 mg once daily. Most clinical 
studies have been conducted with the 50-mg dose, but some recent trials have 
used losartan 100 mg once daily. Fixed combinations of losartan (50 and 
100 mg) and hydrochlorothiazide (12.5 or 25 mg) are available in many coun- 
tries. Losartan has received the indication for the treatment of hypertension and 
in some countries also for congestive heart failure. 

4 

Valsartan 

Valsartan was the second nonpeptide angiotensin II receptor antagonist avail- 
able for the treatment of hypertension. Valsartan is a nonheterocyclic com- 
pound in which the imidazole of losartan has been replaced with an acylated 
amino acid. In vitro it blocks the ATi receptor in an insurmountable fashion. 
Valsartan inhibits the binding of angiotensin II to rat aorta ATi receptors with 
an IC50 of 2.7 nmol/1 (Criscione et al. 1995). In contrast to losartan, valsartan 
does not require conversion to an active metabolite (Markham and Goa 1997) 
and approximately 80%-90% of the drug is excreted unchanged in the bile 
(70%) and by the kidney (30%). Only one metabolite (valeryl-4-hydroxy valsar- 
tan), which is not active, accounting for 10% of recovered drug is also found in 
the feces. After oral application, valsartan is rapidly absorbed with a bioavail- 
ability of 25%, which is reduced by about 40% if food is taken concomitantly 
(Criscione et al. 1995). 

The recommend starting doses of valsartan are 80-160 mg once daily with 
the possibly of increasing the dose to 320 mg daily). In heart failure, valsartan 
has been used safely at the dose of 160 mg b.i.d. Valsartan/hydrochlorothiazide 
fixed combinations are also available (Wellington and Faulds 2002) 

5 

Irbesartan 

Like losartan, irbesartan is an imidazole derivative with a biphenyl-tetrazole 
side chain. The molecule has an imidazolinone ring in which the carbonyl group 
replaces the hydroxylmethyl group of losartan (or the carboxylic moieties of 
EXP-3174 or of valsartan) as the hydrogen bond acceptor. Irbesartan has a high 
affinity for the ATi receptor with an IC50 of 1.7 nmol/1 in human vascular 
smooth muscle cells (Herbert et al. 1994). In vitro, irbesartan induces an insur- 
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mountable blockade of ATi receptors. Irbesartan has no active metabolite and 
food does not affect bioavailability, which, with an average of 60%-80%, is high- 
er than that of other angiotensin II receptor antagonists (Brunner 1997). Irbe- 
sartan is longer acting than losartan and valsartan with an elimination half-life 
of about 11-15 h (Gillis and Markham 1997). There is some controversy about 
the binding of this drug to plasma proteins. This latter was originally claimed to 
be smaller than those usually observed within other angiotensin II antagonists 
(90%-92%) (Brunner 1997; Chung and Unger 1999; Timmermans 1999b), but in 
a more recent study irbesartan was found to have a protein binding (<99%) 
comparable to other antagonists (Morsing et al. 1999). Irbesartan is mainly ex- 
creted (60%-80%) in the feces, while about 25% appears in urine. As irbesartan 
is strongly metabolized via hepatic glucuronidation and oxidation (mainly CYP 
2C9), only about 1% is excreted as the unchanged molecule (Perrier et al. 1994). 

The recommended doses of irbesartan are 150 and 300 mg once daily. Fixed 
combinations with a small dose of hydrochlorothiazide are also available. 

6 

Candesartan 

Candesartan is a potent long-lasting angiotensin II receptor antagonist that is 
rapidly produced in gastrointestinal tract by hydrolysis of an easily orally ab- 
sorbed ester-prodrug candesartan-cilexetil (TCV-116). Candesartan inhibits the 
in vitro binding of angiotensin II to ATi receptors of rabbit aortic membrane 
with a inhibition constant (Ki) of 0.64 nmol/1 (McClellan and Coa 1998). This 
drug produces an insurmountable antagonism due to a tight binding to and a 
slow dissociation from the ATi receptors (Ojima et al. 1997). Following oral ad- 
ministration, candesartan-cilexetil is quantitatively converted to candesartan, 
with an average absolute bioavailability of candesartan of about 40%. Candesar- 
tan has an elimination half-life of about 9 h, which might be extended in the el- 
derly. It is mainly eliminated unchanged by the kidneys (30%) and the bile 
(70%). Of note, candesartan has a rather small apparent volume of distribution 
(0.1 1/kg) (McClellan and Coa 1998), which is probably the result of its high 
plasma protein binding (Delacretaz et al. 1995). Another result of this high and 
tight binding to plasma proteins is that the mean extraction ratio for this drug 
from dialyzed blood is low (Burnier and Brunner 2000). 

Due to the small volume of distribution of candesartan, the starting and 
maintenance doses of candesartan (8-16 mg once a day) is smaller than those of 
other antagonists. Titration to 32 mg has been used in some clinical trials and 
has been shown to provide greater antihypertensive efficacy (Andersson and 
Neldam 1988; Asmar and Lacourciere 2000). Candesartan/hydrochlorothiazide 
fixed combinations are available with different doses of candesartan. 
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7 

Eprosartan 

Eprosartan was the fourth selective nonpeptide angiotensin II receptor antago- 
nist to gain approval for use in the treatment of hypertension in the United 
States. Eprosartan is the unique representative of an nonbiphenyl, nontetrazole 
ATi antagonist class (Timmermans 1999a). This compound is the latest develop- 
ment of an imidazole-5-acrylic acid series of nonpeptide angiotensin II receptor 
antagonists (Weinstock et al. 1991; Keenan et al. 1993). Introduction of a p-car- 
boxylic acid on the N-benzyl ring resulted in nanomolar affinity for the ATi re- 
ceptor and good oral activity, while the presence of a thienyl ring (sulfur-con- 
taining heterocycle) together with two acid groups were important to achieve 
good potency. Eprosartan requires no metabolic activation or transformation to 
produce an effective ATi receptor antagonism (McClellan and Balfour 1998). 
Eprosartan is a specific antagonist of the ATi receptor, which shows a true sur- 
mountable competitive antagonism in vitro (Timmermans 1999a). It inhibits 
[^^^I] -angiotensin II binding to rat mesenteric artery membranes with an IC50 of 
1.5 nmol/1, and It is also a potent inhibitor of labeled angiotensin binding to hu- 
man liver membranes (IC5o=1.7 nmol/1) (Edwards et al. 1992). The bioavailabili- 
ty of eprosartan is smaller than those of other antagonists. It is limited by an 
incomplete oral absorption rather than high first-pass metabolism (Chung and 
Unger 1999). In addition, depending on the formulation, eprosartan absorption 
may be reduced by 25% and retarded by 1.5 h when the drug is administered 
with food. The bile represents the main excretory pathway (90%), while 7% of 
eprosartan is found as unchanged drug in urine. Several studies have investigat- 
ed the ability of eprosartan to block presynaptic ATi receptors, located at the 
vascular neuroeffector junction but with contrasted results (Ohlstein et al. 1997; 
Shetty and DelGrande 2000; Hedner 2002). The usual maintenance dose eprosar- 
tan is 600 mg daily. Since eprosartan has a half-life of 5-7 h, most initial studies 
have been conducted using a twice-a-day regimen. However, the antihyperten- 
sive efficacy of one daily dose was compared with half-doses given twice daily 
in a double-blind, parallel group, placebo-controlled, multicenter study in 243 
patients with mild to moderate hypertension ( Hedner and Himmelmann 1999). 
This study showed that there was no significant difference in efficacy and toler- 
ability of eprosartan between the once-daily or the twice-daily regimens, and 
that both induced significant blood pressure reductions. Thus eprosartan is now 
rather used in a once-daily regimen with a recommended dose of 400-800 mg 
per day. 

8 

Teimisartan 

Telmisartan is a long-acting angiotensin II receptor antagonist. Chemically, 
teimisartan lacks the tetrazole unit and has a common benzimidazole group 
with candesartan. The substitution of this benzimidazole moiety with a basic 
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heterocycle results in potent ATi antagonism and good absorption after oral ap- 
plication (Ries et al. 1993). Telmisartan selectively and insurmountably inhibits 
stimulation of the AT i receptor by angiotensin II without affecting other recep- 
tor systems involved in cardiovascular regulation. It inhibits the binding of la- 
beled angiotensin II to ATi receptors in rat lung with a Ki of 3.7 nmol/1 (Wienen 
et al. 1993). The absolute bioavailability of telmisartan is dose-dependent and 
varies from 30% to 60%. (Israili 2000). Telmisartan is more lipophilic than other 
antagonists. This feature, coupled with a high volume of distribution, could re- 
sult in good tissue penetration (Wienen et al. 2000). Telmisartan is not a pro- 
drug and has a long terminal elimination half-life (~24 h), making it suitable 
for once-daily dosing. The compound is not metabolized by cytochrome P450 
isoenzymes, undergoes minimal glucurotransformation and is almost complete- 
ly excreted in the feces (98%) (Wienen et al. 1999). In contrast to other angio- 
tensin II receptor antagonists, some drug interactions with telmisartan have 
been described. In particular, telmisartan causes an increase in serum digoxin 
and may also decrease warfarin plasma levels during coadministration (Sharpe 
et al. 2001). 

Telmisartan is used at the recommended starting dose of 40 mg once daily, 
and this dose may be increased to 80 mg in case of insufficient blood pressure 
lowering effect. The fixed dose combination of telmisartan and hydrochlorothi- 
azide is now available in some countries. 

9 

Olmesartan 

Olmesartan medoxomil is a new orally active angiotensin II receptor antagonist 
that gained FDA approval for use in the treatment of hypertension in 2002 and 
is being reviewed for registration in Europe. This compound is a prodrug con- 
taining, like candesartan-cilexetil, an ester moiety that after oral administration 
is rapidly converted in vivo to the active metabolite olmesartan. In vitro, the af- 
finity of olmesartan for ATi bovine adrenal cortical receptors is comparable to 
other angiotensin II receptor antagonists (IC50 8.0 nmol/1) (Brunner 2002). 
Olmesartan produces selective insurmountable inhibition of Ang 11-induced 
contractions of the guinea-pig aorta (Koike et al. 2001). Following oral adminis- 
tration, olmesartan has a faster onset but similar elimination half-life when 
compared with candesartan cilexetil. The absolute bioavailability of olmesartan 
after single oral dose of olmesartan medoxomil is 26% in healthy volunteers. 
The remainder unabsorbed drug is excreted without further metabolism. Feces 
is the major route of excretion of olmesartan, urinary excretion accounting for 
5%-12% of the administered dose (Warner and Jarvis 2002). 

The usual recommended doses of olmesartan are 20-40 mg once daily. 
Twice-daily dosing offers no advantage over the same total dose given once dai- 

ly- 
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10 

Clinical Uses of Angiotensin II Receptor Antagonists 
10.1 

Essential Hypertension 

Numerous clinical studies have shown that angiotensin II receptor effectively 
lowers blood pressure in hypertensive patients, without affecting heart rate and 
regardless of gender and age (Goa and Wagstaff 1996; Gillis and Markham 1997; 
Markham and Goa 1997; McClellan and Balfour 1998; McClellan and Goa 1998; 
Reeves et al. 1998; Sharpe et al. 2001; Warner and Jarvis 2002). In addition, sev- 
eral short-term studies have demonstrated that the antihypertensive efficacy of 
angiotensin II receptor antagonists is comparable with that of other first-line 
antihypertensive agents such as ACE inhibitors, calcium-channel blockers, 
)0-blocker drugs and diuretics (Burnier and Brunner 2000). Three large trials, of 
which two have been completed, were designed to assess the effects of angioten- 
sin II receptor antagonists on morbidity and mortality in hypertensive patients 
(Table 2). The LIFE trial (Losartan Intervention For Endpoint Reduction in Hy- 
pertension) compared a losartan- and an atenolol-based regimen in 9,124 hy- 
pertensive patients with electrocardiogram-documented left ventricular hyper- 
trophy (Dahlof et al. 2002). Patients were followed for an average of 4.7 years. In 
this study, losartan and atenolol induced a comparable decrease in blood pres- 
sure. Yet the losartan-based treatment was associated with a 13% lower relative 
risk (p=0.021) of primary cardiovascular event (i.e., death, myocardial infarction 
or stroke) and with significantly fewer fatal and nonfatal strokes (-25%, 
p<0.001). In a subgroup of 1,195 diabetic patients, the protection was even more 
marked, with a 24% reduction of the combined risk (p=0.031) and a 39% de- 
crease in mortality (p=0.002). Moreover, losartan decreased the relative risk of 
developing diabetes by 25% and was more effective than atenolol in reversing 
left ventricular hypertrophy. Thus, the LIFE study is the first to demonstrate in 
hypertensive patients that an angiotensin II receptor antagonist can prevent car- 
diovascular morbidity and death and that it can do it more effectively than a 
beta-blocker-based treatment. This study also suggests that losartan could con- 
fer additional cardiac and metabolic benefits beyond the reduction of blood 
pressure (Dahlof et al. 2002). 

The second study is entitled SCOPE (Study on Cognition and Prognosis in 
the Elderly). This trial has evaluated the effects of candesartan-cilexetil on car- 
diovascular mortality and morbidity and on cognitive performance in a popula- 
tion of elderly hypertensive patients (70-89 years) (Innocenti et al. 2002). The 
results of this placebo-controlled study were recently published (Lithell et al. 
2003) and show that candesartan was associated with a modest, statistically 
nonsignificant reduction in major cardiovascular events. As in the LIFE study, 
candesartan is particularly effective in reducing the incidence of nonfatal stroke. 
In addition, candesartan has no deleterious effect on cognition despite a strict 
control of blood pressure. 
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The third study is VALUE (Valsartan Antihypertensive Long-Term Use Evalu- 
ation) in which more than 14,000 hypertensive patients older than 50 years and 
with additional risks of cardiovascular events are enrolled. In this study, a val- 
sartan-based regimen (80-160 mg o.d.) is compared to an amlodipine-based 
treatment (5-10 mg od) and cardiovascular mortality is the primary end point 
(Mann and Julius 1998). 

Finally, the Ongoing Telmisartan Alone and in combination with Ramipril 
Global Endpoint Trial (ONTARGET) compares the efficacy of the angiotensin II 
receptor blocker telmisartan with that of the ACE inhibitor ramipril given either 
alone or in association with telmisartan to about 30,000 patients at high risk of 
cardiovascular disease with or without hypertension. This study is interesting in 
several regards: it will be the first large trial directly comparing an ACE inhibi- 
tor and an angiotensin II receptor antagonist. It should also provide important 
information on the potential benefits of combining an ACE inhibitor and an an- 
tagonist, particularly in diabetic patients (Yusuf 2002). 

10.2 

Safety and Tolerability Profile in Hypertension 

Despite the wide range of antihypertensive agents on the market, the use of most 
drugs is often limited by side effects, tolerability and noncompliance. Angioten- 
sin II receptor antagonists are unique in this regard since they have an excellent 
safety and tolerability profile. So far, several thousand patients have taken part 
in double-blind controlled studies evaluating the antihypertensive activity of 
various angiotensin II antagonists. A characteristic of this class of drugs is an 
adverse-effect profile comparable with that seen in the placebo groups (Mazzolai 
and Burnier 1999). None of the seven drugs reviewed here has a specific, dose- 
dependent adverse effect that can be attributed to the drug itself. All angiotensin 
II receptor antagonists are less likely than ACE inhibitors to cause cough 
(Lacourciere et al. 1994; Benz et al. 1997; Elliot 1999; Lacourciere 1999), and an- 
gioedema, another side-effect of ACE inhibitors, was only rarely observed in pa- 
tients treated with angiotensin II receptor antagonists. Indeed, a recent retro- 
spective chart review and review of the literature reported four cases of angio- 
edema associated with the consumption of losartan (Chiu et al. 2001). However, 
because angioedema may occur with many substances, including drugs and 
some food products, it is difficult to ascertain whether these published cases of 
angioedema are really linked to the administration of losartan or simply a coin- 
cidence. 

No consistent adverse effects on routine hematological parameters were not- 
ed with the use angiotensin II receptor antagonists. Only minor clinically non- 
significant decreases in hemoglobin levels have been reported in hypertensive 
patients. Some rare cases of anemia have been reported in dialyzed patients or 
patients with chronic renal failure treated with losartan (Schwartzberg et al. 
1998). Occasional elevation of liver enzymes (particularly ALAT) occurred rarely 
and usually resolved with or without discontinuation of therapy (Mazzolai and 
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Burnier 1999). Slight increases in serum potassium levels have been reported 
during angiotensin II receptor blockade. Hyperkalemia is more likely to develop 
in patients with renal insufficiency, or with diabetes mellitus, or in those pa- 
tients taking potassium-sparing diuretics or potassium supplementation. 

The safety and tolerability of angiotensin II receptor antagonists as well as 
their efficacy were carefully evaluated as a function of patient gender, age and 
race. None of these factors was found to influence the incidence of secondary 
events. In particular, angiotensin II receptor antagonists are equally well tolerat- 
ed by elderly (>65 years), younger (<65 years) and very old patients (>75 years). 
Since all antagonists are cleared through the bile, no dosage adjustment is rec- 
ommended in patients with moderate to marked renal impairment (creatinine 
clearance <40 ml/min) or with moderate hepatic dysfunction (Mazzolai and 
Burnier 1999). In case of severe hepatic dysfunction, the antihypertensive effica- 
cy may be prolonged. For patients with possible depletion of intravascular vol- 
ume (e.g., patients treated with diuretics, particularly those with impaired renal 
function), renin-angiotensin system blockade should be initiated carefully and 
consideration should be given to use of a lower starting dose. In studies evaluat- 
ing the use of ACE inhibitors in patients with unilateral or bilateral renal artery 
stenosis, increases in serum creatinine or blood urea nitrogen together with 
oliguria and/or progressive azotemia and (rarely) with acute renal failure and/ 
or death have been reported (Dominiczak et al. 1988). So far, few studies have 
evaluated the safety of angiotensin II receptor antagonists in patients with renal 
artery stenosis, but these preliminary reports all suggest that similar results 
may be expected (Mazzolai and Burnier 1999). 

10.3 

Clinical Applications in Cardiac Diseases 

Today, ACE inhibitors belong to the standard therapy of heart failure with pro- 
ven benefits in terms of morbidity and mortality (Remme and Swedberg 2001). 
ACE inhibitors also reduce the morbidity and improve the survival of patients 
after acute myocardial infarction (Franzosi et al. 1998). Finally, ACE inhibition 
appears to produce greater reductions in left ventricular hypertrophy than beta- 
blockers, calcium antagonists or diuretics, despite similar reductions in blood 
pressure (Dahlof et al. 1994). Because angiotensin II receptor antagonists share 
most of the pharmacological actions of ACE inhibitors but with a better tolera- 
bility profile, they were of course considered in these three clinical indications. 
Several short-term clinical studies conducted in patients with symptomatic con- 
gestive heart failure without ACE inhibitors have demonstrated the angiotensin 
II receptor antagonists exert beneficial hemodynamic and neurohormonal 
effects (Thiirmann and Colette 2002). In addition, a number of short-term 
studies have found that AT] receptor blockade could lead to a further reduction 
in afterload and improvement of exercise capacity in heart failure patients al- 
ready treated with an ACE inhibitor (Houghton et al. 2000; Baruch et al. 1999, 
Gremmler et al. 2000; Tonkon et al. 2000; Hamroff et al. 1997, 1999). 
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Heart failure trials were triggered by the astonishing results of the Evaluation 
of Losartan in The Elderly (ELITE) study, which compared the safety and effica- 
cy of captopril 50 mg three times daily and losartan 50 mg daily in elderly pa- 
tients with heart failure, renal safety being the primary end point. This study 
found that losartan is as safe and effective as captopril, with no difference in re- 
nal dysfunction between both treatment regimens, but after 1 year of follow-up, 
a secondary end point (combined mortality from and hospital admission for 
heart failure) was surprisingly lower in the losartan group. (Pitt et al. 1997). 
These positive results were not confirmed in the larger ELITE II follow-up trial, 
which involved more than 3,000 elderly patients with evidence of heart failure 
and left ventricular dysfunction (Pitt et al. 2000). The primary end point was 
all-cause mortality, and the secondary end point was the frequency of sudden 
death or cardiac arrest with resuscitation. Elite II confirmed that patients treated 
with losartan had significantly fewer side effects than those on captopril. How- 
ever, losartan was not found to be superior to captopril in reducing morbidity 
and mortality. Unfortunately, since ELITE II was designed to demonstrate supe- 
riority of losartan and was not powered to establish equal efficacy of the two 
drug classes, the investigators concluded that ACE inhibitors should remain the 
standard of therapy in patients with heart failure due to systolic dysfunction 
(Pitt et al. 2000). 

In the Randomized Evaluation Strategies for Left Ventricular Dysfunction 
(RESOLVD) trial, candesartan was compared with enalapril, and a combination 
of candesartan and enalapril in 768 patients with NYHA class II-IV heart failure 
and a 6-min walking test of less than 500 m. RESOLVD was not designed to as- 
sess morbidity and mortality, since the primary end point was the change in the 
6-min walking distance. Nevertheless, this study was discontinued earlier than 
expected because of an increase, albeit nonsignificant, of heart failure-related 
hospitalizations and deaths in the candesartan and combination group com- 
pared with the enalapril group (McKelvie et al. 1999). There were no significant 
differences with respect to primary objective of the study. The relatively nega- 
tive findings of ELITE II and RESOLVD have yet to be interpreted carefully. 
Thus, in the former study, the dose of losartan was probably too small, since 
losartan 50-mg-induced ATI blockade is far from being complete (Mazzolai et 
al. 1999). In the latter, the candesartan-enalapril combination was very effective 
in suppressing aldosterone levels and BNP concentrations, particularly at the 
higher dose of candesartan (8 mg), and the increase in heart failure-induced 
hospitalization was only marginal. Clearly, after these two trials, further studies 
were required to evaluate the potential benefits of ATI -receptor antagonists in 
heart failure. 

The Valsartan Heart-Failure Trial (VALHeFT) (Cohn et al. 1999) evaluated the 
long-term effects of the addition of the angiotensin II receptor antagonist val- 
sartan to standard therapy for heart failure. A total of 5,010 heart failure patients 
were randomized to receive either valsartan 160 mg or a placebo twice daily. 
The primary end point was mortality, and the combined end point of mortality 
and morbidity was defined as the incidence of cardiac arrest, hospitalization for 
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heart failure or receipt of intravenous inotropic or vasodilator therapy. In this 
study, valsartan did not affect overall mortality but significantly the incidence 
of the combined end point, mainly because of a lower number of hospitaliza- 
tions for heart failure. The favorable impact of valsartan was particularly im- 
pressive in the small subgroup of patients who were not being treated with an 
ACE inhibitor, who had a 44% reduction in the combined end point of mortality 
and morbidity and a 33% decrease in mortality. Surprisingly, patients who were 
already receiving a beta-blocker did not derive the same benefits from valsartan 
or had even a worse outcome. This observation made in a subgroup of patients 
must be interpreted cautiously. Thus, whether concomitant beta-blockade and 
ATI receptor blockade is beneficial in heart failure patients remains an open 
question that should be investigated further. Overall, the ValHeft study strongly 
emphasizes the benefits of blocking angiotensin II receptors in heart failure pa- 
tients. 

Other studies have been conducted in patients with heart failure that improve 
further our understanding of the place of ATI receptor antagonists in the man- 
agement of patients with chronic congestive heart failure, one of which, the Can- 
desartan in Heart failure-Assessment of Reduction in Mortality and morbidity 
trials (CHARM-I, -II and -III) (Swedberg et al. 1999), was a large clinical trial of 
7,600 patients evaluating the potential benefits of candesartan in heart failure. 
The results of this study involving three groups of patients with different cardiac 
function and concomitant therapies — one group with a left ventricular ejection 
fraction (LVEF) below 40% receiving an ACE inhibitor; a second group with a 
low LVEF but patients are ACE intolerant; and in the third group patients with a 
LVEF over 40% and no ACE inhibitor therapy — were recently published in The 
Lancet (Pfeffer et al. 2003; McMurray et al. 2003; Granger et al. 2003; Yusuf et al. 
2003) and show that the long-acting angiotensin receptor antagonist candesar- 
tan reduces both cardiovascular mortality and hospital admissions for conges- 
tive heart failure in patients with low LVEF whatever the concomitant therapies, 
with the greatest benefits achieved in ACE-intolerant patients with a LVEF below 
40%. Other studies are being conducted in patients with diastolic dysfunction. 

Blockade of the renin-angiotensin system may also be useful in patients fol- 
lowing myocardial infarction. The Optimal Therapy in Myocardial Infarction 
with the angiotensin II Antagonist Losartan (OPTIMAAL) study has compared 
losartan 50 mg q.d. and captopril 50 mg t.i.d. in patients with left ventricular 
dysfunction following myocardial infarction (n=5,477) (Dickstein and Kjekshus 
2002). In this recently published study, losartan added to the standard care 
(except ACE inhibitors) was not found to be superior to captopril in reducing 
all-cause mortality. As in the ELITE II study, the main question is the dose 
of losartan, which was probably chosen too low. Consequently, we are now wait- 
ing for the results of the VALIANT study (VALsartan In Acute myocardial in- 
farction Trial), which is comparing valsartan to captopril and to the their com- 
bination in a similar population (^z=14,500) (Pfeffer et al. 2000). In contrast to 
OPTIMAAL, physicians will be allowed to use much higher doses of valsartan 
(up to 320 mg daily) and the study is powered to evaluate noninferiority of the 
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angiotensin II antagonist. Since a large proportion of patients will be receiving a 
beta-blocker, this study will be also provide new insights on the interplay be- 
tween ATi receptor blockade and beta-blockade. The recent presented results 
show that valsartan is not inferior to captopril and that there is no particular 
interaction in patients receiving a beta-blocker. 

10.4 

Diabetic Nephropathy 

As already mentioned, angiotensin II plays an important role in controlling re- 
nal hemodynamics and sodium excretion. Hence, blockade of the renin-angio- 
tensin system has several favorable impacts on renal function. Several clinical 
studies have demonstrated that in decreasing the tone of the efferent arterioles, 
ACE inhibitors lower intraglomerular pressure and thereby decrease the urinary 
albumin excretion rate and retard the progression of chronic renal failure (Lewis 
et al. 1993; McKenzie and Brenner et al. 1998) There are also several experimen- 
tal and small clinical studies indicating that angiotensin II receptor antagonists 
have comparable effects on kidney function than those of ACE-inhibitors. They 
have no influence on the glomerular filtration rate but they increase renal blood 
flow; consequently, the filtration fraction decreases (Burnier et al. 1993, 1995; 
Pechere-Bertschi et al. 1998). In patients, angiotensin II antagonists have regu- 
larly been found to reduce urinary albumin excretion (Nielsen et al. 1997; Perico 
et al. 1998; Vervoort et al. 1998; Christensen et al. 2001; Parving et al. 2001; 
Tutuncu et al. 2001). 

In patients with type 1 diabetes, Lewis and colleagues have demonstrated that 
ACE inhibition is an effective therapeutic approach to retard the deterioration 
of renal function (Lewis et al. 1993). These data obtained in type 1 diabetes had 
never been confirmed in type 2 diabetes, although several small studies have 
suggested that ACE inhibitors or angiotensin II receptor antagonists can lower 
urinary albumin excretion in this situation. In order to evaluate the role of an- 
giotensin II receptor blockade in the management of patients with type 2 diabe- 
tes, two sets of studies have been conducted: the first set assessed the progres- 
sion from microalbuminuria to overt proteinuria, whereas the second set was 
designed to investigate the ability of angiotensin II receptor antagonists to re- 
tard the progression towards end-stage renal failure. 

The Irbesartan Microalbuminuria study (IRMA-2) and the Microalbuminuria 
Reduction with Valsartan (MARVAL) study are two large prospective studies de- 
signed to measure the ability of irbesartan and valsartan to lower microalbu- 
minuria and to slow the progression to overt proteinuria in patients with type 2 
diabetes and microalbuminuria (Parving et al. 2001; Viberti et al. 2002). Both 
trials found that the antagonist of angiotensin II receptors lowers microalbu- 
minuria. Interestingly, in IRMA-2, only the 300-mg dose of irbesartan produced 
a significant reduction in microalbuminuria. In MARVAL, a significant propor- 
tion of patients who were microalbuminuric became normoalbuminuric. These 
studies therefore suggest that angiotensin receptor antagonists have an effect on 
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microalbuminuria comparable to ACE inhibitors. Unfortunately, there was no 
direct comparison of an ACE inhibitor and an angiotensin II antagonist. In the 
CALM study, almost 200 patients with type 2 diabetes and microalbuminuria 
were randomized to receive either the angiotensin antagonist candesartan 
(16 mg o.d.) or the ACE inhibitor lisinopril (20 mg o.d.) for 12 weeks followed 
by a randomization to either a monotherapy or a combination of both drugs for 
another 12-week period (Mogensen et al. 2000). Candesartan and lisinopril in- 
duced comparable changes in blood pressure and microalbuminuria. With the 
combination of both drugs, the reduction of proteinuria was significantly great- 
er than that obtained with candesartan alone but not significantly greater than 
that achieved with the ACE inhibitor. These results suggest that the combination 
of an ACE inhibitor and an ATI receptor antagonist could provide additional 
benefits, but whether this is indeed the case remains to be determined. 

To evaluate the impact of angiotensin II receptor antagonist on the progres- 
sion of diabetic nephropathy toward end-stage renal disease, two large clinical 
trials have been recently conducted and published. The first is the RENAAL 
study (Reduction in End Points in NIDDM with the Angiotensin II Antagonist 
Losartan) and the second is the IDNT study (Irbesartan Diabetic Nephropathy 
Trial) (Brenner et al. 2001; Lewis et al. 2001). Both studies have included 
hypertensive patients with type 2 diabetes and overt diabetic nephropathy. In 
RENAAL, 1,513 patients were randomized to losartan (50-100 mg o.d.) or place- 
bo, both being taken in addition to a conventional antihypertensive treatment 
including calcium channel blockers, beta blockers, diuretics and centrally acting 
agents. In IDNT, 1,715 patients were randomized to irbesartan 300 mg daily, am- 
lodipine 10 mg daily or to a placebo in addition of a standard therapy including 
a beta blocker and a diuretic. The primary outcome was similar in both trials, 
i.e., the composite of a doubling of the baseline serum creatinine, end-stage re- 
nal disease or death. Of note, the highest recommended dose of each antagonist 
was used in these trials, i.e., 100 mg losartan in RENAAL and 300 mg irbesartan 
in IDNT. Both studies demonstrated a significant effect of the angiotensin II re- 
ceptor antagonist to reduce the progression of the diabetic nephropathy. For the 
primary end point, the risk reduction ranged from 16% to 20%. In RENAAL, 
losartan reduced the rate of first hospitalization for heart failure by 32% and 
urinary protein excretion by 33%. 

Taken together, the results of these studies indicate that angiotensin II recep- 
tor blockade can confer significant renal benefits in patients with type 2 diabe- 
tes and nephropathy. Unfortunately, none of these studies included a control 
group with an ACE inhibitor to evaluate the respective impact of ACE inhibition 
and angiotensin II receptor blockade in protecting against the progression of 
nephropathy due to type 2 diabetes. This interesting question will perhaps find 
its answer in the ONTARGET trial, in which a large group of diabetic patients 
will be randomized to ramipril or telmisartan or the combination of both. 
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11 

Are There Differences in Clinical Efficacy Among 
the Angiotensin II Receptor Antagonists? 

As discussed earlier in this chapter, angiotensin II receptor antagonists share 
the same mechanism of action but ead:h compound has its specific pharmacoki- 
netic and pharmacodynamic properties that may account for potential differ- 
ences in efficacy. A meta-analysis of 43 randomized placebo-controlled clinical 
trials, assessing a total of 11,281 patients has recently suggested comparable an- 
tihypertensive efficacy within this class of drugs (Conlin et al. 2000), but this 
meta-analysis included only the initial studies conducted with four compounds, 
i.e., losartan, valsartan, irbesartan and candesartan. Thereafter, several studies 
were specially designed to compare drugs within the class and have revealed 
some significant differences between the antagonists. Thus, for example, valsar- 
tan and losartan were compared in a randomized double-blind, placebo-con- 
trolled trial with an up-titration of the active regimens. They randomized 1,369 
adults with uncomplicated essential hypertension to receive 80 mg valsartan, 
50 mg losartan, or placebo once daily. After 4 weeks, doses of active medication 
and placebo were doubled. A comparable decrease in blood pressure at trough 
were observed at 4 and 8 weeks for both antagonists compared to placebo. But a 
higher response rate was observed with valsartan 160 mg than losartan 100 mg 
(Hedner et al. 1999). 

The biggest differences in head-to-head comparison were observed when 
losartan was compared to longer-acting drugs such as candesartan, irbesartan 
or telmisartan. Indeed, all these studies show that these latter drugs may be 
more effective than losartan, particularly at trough, thus providing better 24-h 
control of blood pressure. For example, several randomized, controlled trials 
have demonstrated greater antihypertensive effects of candesartan cilexetil over 
losartan. These studies either evaluated the starting doses of both drugs or used 
a response titration design for comparison of their maximum doses (Andersson 
and Neldam 1988; Asmar and Lacourciere 2000). Two other double-blind, ran- 
domized, forced titration studies (CLAIM Study I and II) were designed to pro- 
vide direct comparison of the blood pressure lowering effects at once-daily 
maximum doses in 654 and 622 hypertensive patients, respectively (Bakris et al. 
2001; Vidt et al. 2001). Both studies showed that candesartan 32 mg lowered 
blood pressure by a significantly greater amount than losartan 100 mg in this 
hypertensive population. 

In a study involving 567 hypertensive patients, mean blood pressure reduc- 
tion after 8 weeks of treatment with losartan 100 mg did not differ significantly 
from that of 150 mg irbesartan, but a significant difference was observed with 
irbesartan 300 mg (Kassler-Taub et al. 1998). Another study by Oparil et al. 
(1998) also showed the superiority of irbesartan in a randomized double-blind, 
elective-titration study comparing losartan (50-100 mg) and irbesartan (150- 
300 mg). In another study, telmisartan was compared to losartan (Mallion et al. 
1999) or valsartan (Bakris 2002) in hypertensive patients. Both studies suggest- 
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ed greater efficacy for telmisartan than losartan or valsartan in controlling 
blood pressure throughout the 24-h dosing interval, including the last 6 h before 
dosing. Finally, a recent multicenter, randomized, double-blind study compared 
the antihypertensive efficacy of once-daily treatment with the recommended 
starting doses of olmesartan (20 mg), losartan (50 mg), valsartan (80 mg), and 
irbesartan (150 mg) in 588 patients with essential hypertension. The reduction 
of sitting cuff diastolic blood pressure with olmesartan, the primary efficacy 
variable of this study, was significantly greater than with losartan, valsartan, 
and irbesartan. This was also the case in 24-h measurement, where reduction in 
mean diastolic blood pressure recorded with olmesartan was significantly great- 
er than reductions with losartan and valsartan and showed a trend toward sig- 
nificance when compared to the reduction with irbesartan. The reduction in 
mean 24-h systolic blood pressure with olmesartan was significantly greater 
than the reductions with losartan and valsartan and equivalent to the reduction 
with irbesartan (Oparil et al. 2001). 

Taken together these comparative studies suggest that there are indeed clini- 
cally significant differences between the antagonists, at least for blood pressure 
control. Yet one must take into account that all studies have been sponsored by 
the pharmaceutical industry and came generally to the same conclusion, i.e., 
the new compound is better than the older one. One important issue in these 
studies is the choice of the comparator and most importantly the choice of the 
doses. Thus, a critical question still remains: are the blood pressure differences 
observed between the antagonists due to the selected doses or to the pharmaco- 
kinetic properties of the compounds. Moreover, do these blood pressure differ- 
ences have a real impact on morbidity and mortality? 

12 

What Is the Right Dose of an Angiotensin II Receptor Antagonist? 

As for ACE inhibitors, the dose recommendations for the use of angiotensin II 
receptor antagonists have been based on clinical observation, i.e., the ability for 
these drugs to lower blood pressure over 24 h when given once a day in patients 
with mild to moderate hypertension. However, only a few studies have been 
designed to evaluate the dose-dependent reductions in blood pressure in hyper- 
tensive patients using a large range of doses (Chiolero and Burnier 1998; 
McClellan and Goa 1998; Reeves et al. 1998; Sharpe et al. 2001). This failure to 
explore fully the lower and the upper extremes of the dose-response curves, to- 
gether with the lack of large study populations, and perhaps the inability to ac- 
curately measure blood pressure changes has lead to clearly inadequate choice 
of starting and maintenance doses (i.e., providing less than maximal blockade) 
for some of these compounds (Burnier and Brunner 1999; Maillard et al. 2002a). 

We have evaluated the blockade of the renin-angiotensin system produced by 
a series of angiotensin II receptor antagonists using two different techniques, 
the inhibition of blood pressure increase to exogenous angiotensin II (Christen 
et al. 1991) and an in vitro binding assay that quantified the displacement of an- 
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Fig. 2 Inhibition of the pressor response to exogenous angiotensin I or II. Values are based on mean 
blood pressure changes observed in healthy volunteers after 1 week treatment with different losartan 
regimens 



giotensin II by the blocking agents (Maillard et al. 1999). With these techniques, 
we have found that the ability of the recommended starting doses of losartan 
(50 mg) valsartan (80 mg) and irbesartan (150 mg) to block the angiotensin II 
ATI receptors in normotensive volunteers differ markedly and significantly, 
irbesartan showing the greatest inhibition at peak and trough (Mazzolai et al. 
1999). In a separate study, we have reported that increasing the dose of valsartan 
from 80 to 320 mg had only a small effect on the peak inhibition but clearly en- 
hanced the blockade at trough (Maillard et al. 2002a). The determinant impact 
of the dose or of the dose-regimen is illustrated with losartan in Fig. 2. The fig- 
ure clearly shows that the initially recommended dose was too low to achieve a 
significant blockade of the angiotensin II receptor 4 h after drug intake and at 
trough. Once again, increasing the dose makes it possible to improve the inhibi- 
tion at peak and prolong the duration of the blockade, but in the case of losar- 
tan, to obtain a blockade of the system around the clock, the ideal dosing regi- 
men is probably 100 mg twice a day. 

The other consequence of dose recommendations for the clinical use of these 
antagonists having been based on the antihypertensive efficacy rather on the ca- 
pacity to fully inhibit the renin-angiotensin system is the relatively flat dose-re- 
sponse curves that is generally attributed to these compounds. However, the an- 
giotensin II receptor antagonists have been developed in order to block the mul- 
tiple effects of angiotensin II possibly throughout the day. Therefore, it may be 
necessary to add another agent to achieve adequate blood pressure control in 
some patients. As observed for ACE inhibitors, the addition of a low dose of a 
thiazide diuretic substantially potentiates the blood pressure lowering effect of 
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ATI antagonists (Wellington and Faulds 2002). This resulted in greater reduc- 
tions in blood pressure than with either agent alone. Thus, fixed-dose combina- 
tions of different angiotensin II receptor antagonists with hydrochlorothiazide 
have been marketed for the treatment of hypertension. 

To achieve a more complete blockade of the renin-angiotensin system, some 
investigators have proposed combining an angiotensin II receptor antagonist 
and an ACE inhibitor, in order to act at two levels of the renin-angiotensin cas- 
cade (Azizi et al. 1995, 2000; Struckman and Rivey 2001; Ferrari 2002). With this 
approach, a greater decrease in blood pressure or urinary protein excretion has 
been reported, suggesting that the combination is indeed more effective than ei- 
ther drug alone (Mogensen et al. 2000). However, this approach also has some 
limitations. The first is that it does not obviate the side effects of ACE inhibitors. 
The second takes the form of a question: could the same blockade of the system 
be achieved with a higher dose of antagonists? Indeed, most of the positive stud- 
ies combining an ACE inhibitor and an angiotensin II antagonist have used 
rather low doses of the antagonists, which we believe do not completely block 
the renin-angiotensin system. Hence, it is not surprising that the addition of an 
ACE inhibitor provides a greater blockade. To investigate this hypothesis, we 
have recently compared, in normotensive subjects, the degree of blockade of the 
renin-angiotensin system that can be obtained with different doses of losartan 
and telmisartan alone or in combination with lisinopril (Forclaz et al. 2003). In 
this study, we used doses of losartan and telmisartan beyond those generally 
recommended for the treatment of hypertension, i.e., losartan 100 mg o.d., 
200 mg o.d. or 100 mg b.i.d. and telmisartan 80 mg, 160 mg o.d. and 80 mg 
b.i.d. When both drugs were administered at their maximal recommended dos- 
es, respectively 100 mg for losartan and 80 mg telmisartan, the addition of 
lisinopril provided a clear additional blockade of the receptor. However, the use 
of higher doses of the antagonist and in the case of losartan a twice-a-day regi- 
men provided as much blockade as the ACE inhibitor/angiotensin II receptor 
blockade combination. 

The results of these studies emphasize how difficult it is to chose the right 
dose of an angiotensin II receptor antagonist. Today, this choice is based almost 
exclusively on the antihypertensive efficacy. However, the recent morbidity and 
mortality trials have clearly shown that higher doses were the most effective in 
achieving target organ protection. This was the case in ValHeFT where an aver- 
age of 240 mg of valsartan was used, but also in LIFE and RENAAL, in which 
100 mg of losartan was used most frequently. In IRMA2, the 300 mg dose of 
irbesartan was found to be the most effective and this dose was chosen in IDNT. 
All these trials would therefore support the use of higher doses in clinical prac- 
tice. Because of their excellent tolerability profile, the administration of high 
doses of angiotensin II antagonists should not represent a clinical problem other 
than cost. 
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13 

Conclusions 

Within 10 years, a tremendous number of clinical studies have demonstrated 
the efficacy of angiotensin II receptor antagonists as hypertensive agents. The 
development of angiotensin II antagonists has also been characterized by the 
completion of numerous large clinical trials which have shown within few years 
the ability of these agents to lower morbidity and mortality in various groups of 
patients, including hypertensive and heart failure patients and patients with in- 
cipient or overt type 2 diabetes nephropathy. Undoubtedly, the main advantage 
of angiotensin receptor antagonists is their excellent tolerability profile, which 
is a real advantage, as these agents are prescribed most frequently to asymptom- 
atic patients. Yet a number of unresolved questions still remain, for example, 
the right dose to use in order to achieve the optimal target organ protection, the 
role of the AT 2 receptors, and the potential benefits of a combination with ACE 
inhibitors. These questions will probably find their answers in the next few 
years with the results of the ongoing studies and clinical trials. 
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Abstract The results from experimental models and randomized controlled 
clinical trials have shown that the more intense the blockade of the renin-angio- 
tensin system (RAS) is during angiotensin I-converting enzyme (ACE) inhibi- 
tion or AT] receptor blockade, the more effective the prevention of target organ 
damage is. Combined inhibition of the RAS is aimed at more complete blockade 
of the system through action at two different sites: ACE and ATi receptors. This 
is achieved either by neutralizing the rise in renin and angiotensin (Ang) I, 



T. Unger et al. (eds.), Angiotensin 
© Springer-Verlag Berlin Heidelberg 2004 




486 M. Azizi • J. Menard 



which follows the interruption of the Ang Il-renin negative feedback loop, or by 
directly antagonizing Ang II, whose synthesis is in part independent of the RAS, 
as nonrenin-dependent pathways have been identified in cardiac and vascular 
tissues. By comparison with higher doses of single-site blockers, a combination 
of an ACE inhibitor and an ATi receptor antagonist blocks the RAS more effec- 
tively. After demonstrating the synergistic or additive blood pressure effects of 
the combined RAS blockade in sodium-depleted normotensive subjects and an- 
imal models, the combined blockade of the RAS was shown to be more efficient 
than single-site blockade (a) in lowering BP in Caucasian hypertensive patients 
with predominantly low renin concentrations, with type II diabetes or with renal 
failure, (b) in lowering proteinuria and possibly retarding progression of renal 
failure in patients with diabetic and nondiabetic nephropathy, and (c) in finally 
improving left ventricular remodeling, cardiac function status and cardiovascu- 
lar morbidity and mortality in patients with congestive heart failure. The advan- 
tage offered by combining two RAS blockers is to increase the beneficial effect 
of cardioprotection and nephroprotection, which are currently achieved with 
the highest doses of an ACE inhibitor or an ATi receptor antagonist. 

Keywords Combination • Angiotensin-converting enzyme inhibitor • ATi 
receptor antagonist • Synergy 



Blockade of the renin-angiotensin system (RAS) with angiotensin I-converting 
enzyme (ACE) inhibitors has become one of the most successful therapeutic ap- 
proaches in medicine. Within 25 years, a high level of evidence has accumulated 
that attributes to this therapy a reduction in left ventricular mass (Dahlof et al. 
1992; Schmieder et al. 1996), a decrease in overall mortality and death from 
chronic heart failure (Garg and Yusuf 1995; Flather et al. 2000), an improvement 
in the outcome for patients with ventricular systolic dysfunction and symptom- 
atic heart failure (The SOLVD Investigators 1992), a reduction in postmyocar- 
dial infarction mortality (Pfeffer et al. 1988; ACE Inhibitor Myocardial Infarc- 
tion Collaborative Group 1998), a retardation of the progression of renal insuffi- 
ciency and an improvement of renal function in type 1 diabetes mellitus (Lewis 
et al. 1993), and a retardation of the progression of nondiabetic chronic renal 
disease (Maschio et al. 1996; The GISEN Group 1997; Jafar et al. 2001). ACE in- 
hibitors have also been shown to reduce the rate of death, cardiac events and 
stroke in a broad range of patients with a high cardiovascular risk at baseline 
(Yusuf et al. 2000). 

Research into mechanisms of ACE inhibition in preventing end-organ dam- 
age has focused on the respective roles of the circulating RAS and the tissue 
RAS (Dzau 2001). Local autocrine production of angiotensin II (Ang II) by ei- 
ther ACE or non-ACE-dependent pathways (Okunishi et al. 1984; Urata et al. 
1990) modulates a tissue-specific response independent of the circulatory RAS, 
which may be an important participant in the pathogenesis of cardiovascular 
disease. 




Combined Blockade of the Renin Angiotensin System 487 



Multiple mechanisms may contribute to the beneficial effects of ACE inhibi- 
tion in cardiovascular therapy. The hemodynamic consequences of Ang II sup- 
pression (Biollaz et al. 1981) and bradykinin accumulation (Linz et al. 1995; 
Gainer et al. 1998), and also the direct cellular effects of Ang II on heart and vas- 
cular smooth muscle cells (Sadoshima et al. 1993; Dzau 2001) are among the pu- 
tative mechanisms explaining these beneficial effects. At first glance, the addi- 
tion of two pharmacological agents, which both inhibit the RAS, such as an ACE 
inhibitor and an antagonist of type 1 Ang II receptors, receptors which are im- 
plicated in most of the biological effects of Ang II, should not offer an opportu- 
nity to increase the efficacy of a treatment based on one or the other, as shown 
by initial animal acute experiments (Wong et al. 1990). However, no ACE inhibi- 
tor, even when administered at the highest dose, is able to suppress plasma Ang 
II levels over 24 h at a level similar to that observed a few hours after the initial 
dose (Gadsboll et al. 1990; Juillerat et al. 1990; Mooser et al. 1990; Van den 
Meiracker et al. 1992). This phenomenon results from the conjunction of the 
progressive drop in the competitive ACE inhibitor plasma level at the end of the 
dosing interval and the reactive rise in plasma active renin and Ang I secondary 
to the interruption of the Ang II feedback on renin release (Juillerat et al. 1990; 
Mooser et al. 1990). It may also be due to the existence of other Ang Il-forming 
enzymatic pathways (Okunishi et al. 1984; Urata et al. 1990). The same reason- 
ing can be applied to ATi receptor antagonists, which all have been proven to be 
in fact competitive antagonists, which also increase renin, Ang I and conse- 
quently Ang II concentrations (Doig et al. 1993). 

1 

First Demonstration of the Concept of Combined Blockade 
in Mildly Sodium-Depleted Normotensive Subjects 

As a prerequisite to clinical studies in patients with hypertension or congestive 
heart failure, the biological effects of the combined blockade of the RAS were 
first studied in a human model of mild stimulation of renin release induced by 
the combination of a 40-mg furosemide-induced sodium depletion, followed by 
a 36-h low-sodium diet (Menard et al. 1995). This model induces a two- to 
threefold increase in plasma active renin, aldosterone and angiotensins, and 
provides optimal conditions to unmask the renin dependency of blood pressure 
in normotensive subjects (McGregor et al. 1981). In contrast to the heterogene- 
ity of the RAS of hypertensive patients, sodium-depleted normotensive volun- 
teers have homogeneous levels of plasma active renin, and all have a diuretic-in- 
duced BP renin dependency (Doig et al. 1993; Azizi et al. 1995). The choice of 
the sodium depletion magnitude is crucial. A depletion that is too mild would 
not make subjects renin-dependent. A depletion that is too large would make 
them too dependent on the RAS, and therefore more prone to severe orthostatic 
hypotension and functional renal failure (Doig et al. 1993). The experimental 
condition of a threefold increase in plasma renin makes it possible to build 
dose-response curves on two indices of RAS blockade: the decrease in BP and 
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the rise in plasma renin. Both indices change in parallel, although the precision 
in the assessment of their variation is not similar (Menard and Guyene 1995). 
The in vitro renin measurement is much less sensitive to external factors than 
the assessment of a BP drop. In addition, the range of renin changes (one to ten 
times) is much larger than the range of BP changes (5-25 mmHg). 

The initial work performed in sodium-depleted normotensives showed that 
the combined administration of single oral doses of 50 mg captopril and 50 mg 
losartan had a significant synergistic effect on plasma active renin and Ang I 
levels, an additive effect on BP decrease and no additive effect on plasma aldo- 
sterone decrease (Azizi et al. 1995). The synergistic effect of the combination on 
renin release indicated that a more complete and sustained RAS blockade was 
achieved during combined RAS blockade. Although the combination induced a 
higher renin release than each single-drug administration, ACE inhibition favor- 
ably influenced the competition between endogenous Ang II levels and the 
amount of ATi receptor antagonist present at the ATi receptor level (Azizi et al. 
1995). Indeed, the additive BP decrease and the synergistic reactive renin rise 
with the combination were due (a) to neutralization by losartan of the ATi re- 
ceptor-mediated effects of the persistent Ang II production during ACE inhibi- 
tion and (b) to the complete neutralization by captopril of the losartan-induced 
rise in plasma Ang II. Full interpretation of the results of this first study was, 
however, complicated by the difference in the pharmacokinetics of captopril 
and losartan. Captopril was rapidly absorbed and was the first to block the RAS 
by a rapid ACE inhibition, whereas losartan needed to be metabolized before 
being fully active (Ohtawa et al. 1993). It was demonstrated that both the reduc- 
tion in BP and the rise in plasma active renin concentrations were simultaneous- 
ly dependent mainly on captopril for the first 4 h after drug intake, and mainly 
on losartan for the next several hours (Azizi et al. 1995). However, captopril 
50 mg or losartan 50 mg were not the maximum doses necessary to obtain a 
complete and long-lasting blockade of the RAS, and presumably an increase in 
dosage of one or the other blocker would finally succeed in inducing similar ef- 
fects to their combination. 

In a second study using the same experimental design, the hemodynamic 
and hormonal effects of losartan 50 mg combined with enalapril 10 mg, a drug 
with a longer duration of ACE inhibition than captopril, were of greater magni- 
tude than those obtained by doubling the dose of enalapril (20 mg) alone (Azizi 
et al. 1997). This second study confirmed the additive effects of ACE inhibition 
and Ang II antagonism. Both the BP drop and the plasma active renin rise were 
more pronounced after a single administration of a combination of 50 mg of 
losartan and 10 mg of enalapril, than after administration of 10 mg or 20 mg of 
enalapril given singly (Azizi et al. 1997). No additive effect of the combination 
was observed on the reduction in plasma aldosterone in this study. The combi- 
nation of enalapril 10 mg and losartan 50 mg neutralized both the decrease in 
plasma Ang II induced by enalapril 10 mg and the rise in plasma Ang II induced 
by losartan 50 mg and limited the decrease in plasma Ang II induced by enala- 
pril 10 mg (Azizi et al. 1997). 
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The single-dose administration of the combination of losartan and captopril 
(Azizi et al. 1995) and later of enalapril and losartan (Azizi et al. 1997) to a small 
number of sodium-depleted normal subjects demonstrated the original concept. 
Finally, even in conditions of high sodium intake and low basal renin status, 
two conditions known to reduce or neutralize the hypotensive effects of drugs 
interrupting the RAS at the level of ACE or ATi receptors, the dual RAS blockade 
was shown to be more effective than doubling the usual dose of an ATi receptor 
antagonist through a more efficient blockade of the RAS (Azizi et al. 2003). This 
may offer an alternative strategy for treating patients with various renin levels 
and may potentially increase the cardio- and nephroprotective benefits by a 
more complete RAS blockade. 

The most clinically relevant subsequent question was whether these hemody- 
namic results and potentially beneficial effects would be observed in patients 
with hypertension, congestive heart failure (CHF), myocardial infarction or pro- 
teinuric nephropathy. 

2 

Effects of Combined RAS Blockade in Experimental Models 
of Hypertension 

Before investigating the effects of combined RAS blockade in patients, we used 
a factorial design study to compare the hemodynamic, cardiac and hormonal 
effects of enalapril or losartan (1, 3, 10 and 30 mg/kg) or their combination ad- 
ministered to spontaneously hypertensive rats (SHR) (Menard et al. 1997). The 
use of a factorial design in SHR made it possible to test enalapril and losartan 
over a wider dose range than can be investigated in humans and to analyze the 
effectiveness and consequences of RAS blockade on target organs at similar lev- 
els of inhibition of Ang II effects on its AT i receptor. In SHR on a normal sodi- 
um diet with intermediate renin concentrations (baseline PRA: 0.4±0.2 ng Ang 
I/ml/h), the combination of low doses of enalapril and losartan (3 mg/kg each) 
had a synergistic effect in reducing systolic blood pressure (SBP) and the left 
ventricular weight/body weight (LVW/BW) ratio, greater than each single site 
blocker administered at a higher doses (10 mg/kg) after 2-4 weeks (Menard et 
al. 1997). The synergistic interaction between the effects of low doses of enala- 
pril and losartan on BP and LVW/BW ratio were due to more effective inhibition 
of the RAS by their combination than by either agent alone, as attested by the 
magnitude of the synergistic reactive rise in renal and plasma renin (Menard et 
al. 1997). 

These results were confirmed by other studies in SHR (Nunez et al. 1997; 
Webb et al. 1998; Goto et al. 2000; Kim et al. 2000; Morgan et al. 2002) and in a 
renin-dependent model, the (mRen-2)27 transgenic rat (Richer et al. 1998). All 
these studies confirmed that the synergistic BP-lowering effect of the combined 
RAS blockade in SHR allows the individual dosages for each agent to be reduced 
from three- to tenfold (Nunez et al. 1997; Webb et al. 1998; Goto et al. 2000; Kim 
et al. 2000; Morgan et al. 2002) and still maintain the same BP-lowering effect 




490 M. Azizi • J. Menard 



as each drug given singly at a higher dose. Combined RAS blockade at low 
doses or single-site blockade at high doses induced a normalization of SBP 
(<140 mmHg) in most studies and could even cause profound hypotension with 
lethargy (Menard et al. 1997). 

The larger reduction in BP observed with the combined RAS blockade is due 
to a larger reduction in total peripheral resistance associated with a maintained 
cardiac output (Nunez et al. 1997; Richer et al. 1998). However, the synergistic 
BP response is finite. When the doses of each single-site blocker are increased 
toward a maximal inhibition of the RAS, the synergistic effect of combination 
therapy can no longer be observed (Morgan et al. 2002), but the combination 
remains more effective than single-site blockade. 

3 

Clinical Studies in Patients with Hypertension 

With all the data that accumulated in both sodium-depleted healthy subjects 
and in SHR, there was a rationale for combining an ACE inhibitor with an ATi 
receptor antagonist for treating patients with essential hypertension. Indeed, a 
flat dose-response curve on BP measured at trough has been reported with most 
ACE inhibitors so far tested in essential hypertensive patients (Lees 1992). In or- 
der to increase the duration of action of these drugs up to the end of the dosing 
interval, increases in the once-daily administered dose or twice-daily adminis- 
tration have been proposed (Meredith et al. 1990). The attenuation of BP re- 
sponse to ACE inhibitors 24 h after drug intake is correlated with a return of 
plasma Ang II levels toward their initial values (Gadsboll et al. 1990). 

In a multicenter, randomized, double-blind, parallel-group, pilot study in 177 
patients with mild-to-moderate hypertension, the BP effects of 6-week adminis- 
tration of combination therapy consisting of losartan 50 mg o.d. and enalapril 
10 mg o.d. were compared to both losartan 50 mg o.d. and enalapril 10 mg o.d., 
each given singly (Azizi et al. 2000). The combination therapy was more effec- 
tive on clinical diastolic blood pressure (DBP) measured at trough than was 
losartan, by 3.2 mmHg (95% Cl, 0.7-5.7 mmHg, p=0.012), and more effective 
than enalapril by 4.0 mmHg (95% Cl, 1.5-6.4 mmHg, p=0.002). Twenty-four- 
hour ambulatory mean DBP did not significantly differ between treatment 
groups, although the combination tended to lower BP more (Azizi et al. 2000). 
In a subgroup of 28 patients, higher plasma active renin and Ang I levels were 
measured during blockade by the combination therapy. These findings con- 
firmed the induction of a more intensive inhibition of the RAS by the combina- 
tion. The three treatment groups were similar with respect to the incidence of 
clinical adverse experiences during the double-blind treatment period (Azizi et 
al. 2000). 

The results of this trial and other short-term trials (up to 16 weeks) subse- 
quently reported show that combined RAS blockade administered at certain 
once-daily doses induces a supplementary drop in BP at trough, ranging from 
3 to 6 mmHg, compared to single-site blockade in patients with either pre- 
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dominantly low basal renin hypertension (Azizi et al. 2000), type 2 diabetes 
(Mogensen et al. 2000) or in patients with progressive renal failure (Ruilope et 
al. 2000). In contrast to animal models, the range of doses of all the RAS block- 
ers that have been studied in patients is limited. Various ACE inhibitors and ATi 
receptor antagonists at various standard daily doses were used and sodium diet 
was uncontrolled. Despite these limitations, in accordance with animal models 
(Menard et al. 1997; Webb et al. 1998) and sodium-depleted normotensive sub- 
jects, combined RAS blockade at low doses (benazepril 5 mg o.d. + valsartan 
80 mg o.d.) decreased trough BP more in hypertensive patients than doubling 
the dose of valsartan from 80 mg to 160 mg o.d. (Ruilope et al. 2000). With the 
exception of African-American hypertensive patients (Weir et al. 2001), combi- 
nation of an ACE inhibitor with an ATi receptor antagonist has the same 
BP-lowering effect than combination of a single-site RAS blocker with a diuretic 
(Waeber et al. 2001) or a calcium channel blocker (Sakata et al. 2002), but it add 
the potential beneficial advantage of a more complete neutralization of Ang II at 
the tissue levels (Dzau 2001). 

4 

Hormonal Effects of Combined Blockade of the RAS by an ACE Inhibitor 
and an ATi Receptor Antagonist 

When the RAS is blocked by an ACE inhibitor or an ATi receptor antagonist, 
there is competition between the inhibitor or the antagonist, progressively 
cleared from the body, and the available substrate (Ang I) or agonist (Ang II). 
Ang I or Ang II production is very dependent on the sensitive feedback between 
Ang II and renin release, which is permanently operational as suggested by the 
colocalization of ATi receptors and renin in the juxtaglomerular cells (Case et 
al. 1993; Nussberger 2000). When the inhibitor dissociates from the enzyme ac- 
tive sites, ACE starts again to generate Ang II in the presence of a high level of 
plasma and interstitial Ang I, which is always in competition with the inhibitor. 
At that time, the concurrent administration of an ATi receptor antagonist will 
protect the ATi receptor from newly produced agonist. Reciprocally, when less 
AT 1 receptor antagonist is present at the AT i receptors, an ACE inhibitor will re- 
duce the amount of Ang II available to compete with the antagonist. An alterna- 
tive to this internal counter-regulation of the RAS would be that an ATi receptor 
added to an ACE inhibitor blocks the effects of Ang II generated by pathways 
other than renin and ACE (Okunishi et al. 1984; Urata et al. 1990). 

In contrast to the plasma active renin, prorenin and Ang I increases, no addi- 
tive effect has been detected on the plasma aldosterone reduction (Azizi et al. 
1997; Menard et al. 1997; Azizi et al. 2000) in clinical settings other than CHF 
(Spinale et al. 1997a; McKelvie et al. 1999). In the context of CHF, the additional 
reduction in plasma aldosterone may provide additional benefit. In the absence 
of a highly activated RAS such as in CHF, the absence of an additive effect of the 
combination indicates that plasma aldosterone secretion is regulated through 
multiple pathways other than the RAS (Quinn and Williams 1988). 
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Table 1 Biochemical and hormonal consequences of combined RAS blockade 





ACE inhibitors 


ATi receptor 
antagonists 


ACE inhibitors + ATi receptor 
antagonists 


AT 1 receptors 


Not stimulated 


Slocked 


Not stimulated and blocked 


AT 2 receptors 


Not stimulated 


Stimulated 


Minor stimulation 


AT (n) receptors 


Not stimulated 


Stimulated 


Minor stimulation 


Plasma and tissue ACE 


Inhibited 


Not inhibited 


Inhibited 


Tissue RAS 


Inhibited 


Blocked 


Additive effect 


Renin 


Increased 


Increased 


Additive effect 


Prorenin 


Increased 


Increased 


Additive effect 


Ang 1 


Increased 


Increased 


Additive effect 


Ang II 


Decreased 


Increased 


Decreased or normal 


Angiotensinogen 


Decreased 


Decreased 


Additive effect 


Aldosteror^e 


Decreased 


Decreased 


No additive effect except in CHF 


Non-ACE-dependent Ang II 


Present 


Blocked 


Blocked 


Bradykinin and substance P 


Increased 


No change 


Increased 


Ang (1-7) 


Increased 


Increased 


Additive effect 


AcSDKP 


Increased 


No change 


Increased 


ACE induction 


Increased 


No change 


Increased 



This combined blockade of the RAS is also different from what has been clin- 
ically tested so far. Besides a more intensive blockade of ATi receptor functions, 
it induces accumulation of vasodilatory and natriuretic peptides such as brady- 
kinin (Linz et al. 1995) and Ang (1-7) (Iyer et al. 1998) and the accumulation of 
the hematological peptide AcSDKP (Azizi et al. 1996), as do ACE inhibitors, and 
it stimulates potentially functioning AT 2 and other AT(n) receptors, less than 
the ATi receptor antagonists given singly (Table 1). The consequences of this 
long-term stimulation of AT 2 receptors are unknown and have equal chances to 
be beneficial, deleterious or neutral (Horiuchi et al. 1999; Opie and Sack 2001). 

During long-term administration, ACE induction is another factor that may 
play a role in limiting the efficacy of ACE inhibitors (Boomsma et al. 1981); the 
combination of an ACE inhibitor and an ATi receptor antagonist, which would 
less increase plasma or tissue ACE, would be a worthwhile alternative to an in- 
crease in the dose of the ACE inhibitor (Costerousse et al. 1994). 
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5 

Effect of the Combined Blockade on End-Organ Protection 



5.1 

Heart and Vessel Wall 

5.1.1 

Left Ventricular Hypertrophy Reversion 

The synergistic BP-lowering effect of combined RAS blockade is associated with 
a synergistic reduction in left ventricular (LV) hypertrophy in rodent hyperten- 
sive models compared to single-site blockade (Menard et al. 1997; Nunez et al. 
1997; Kim et al. 2000 2001) with a correlation between left ventricular mass 
changes and BP changes (Nunez et al. 1997). However, beyond BP reduction, 
the more complete neutralization of Ang II trophic effects by the combined 
RAS blockade may have a positive impact on LV hypertrophy regression. In 
Stroke-prone SHR, a combination of low doses of perindopril and candesartan 
(0.2 mg/kg of each) or a tenfold higher dose of each drug given alone (2 mg/kg) 
reduced LVW and phenotypic changes to the same extent, and more than a high 
dose of the calcium channel blocker, amlodipine 3 mg/kg alone, even though 
the drop in BP achieved with the four different treatments was equivalent (Kim 
et al. 2000). The beneficial effect of combined RAS blockade on LV mass is asso- 
ciated with a larger improvement in coronary hemodynamics in SHR (Nunez et 
al. 1997) and in diastolic dysfunction (E/A wave ratio recorded by echocardiog- 
raphy) in the Dahl salt-sensitive rat fed with a high-sodium diet, a model of se- 
vere low-renin hypertension and diastolic heart failure (Kim et al. 2001). 



5.1.2 

Beneficial Effects of the Combined Blockade in Congestive Heart Failure 

ACE inhibitors reduce mortality in patients with CHE by preventing new isch- 
emic events and reducing progression of heart failure (Flather et al. 2000). How- 
ever, despite receiving target doses of ACE inhibitors, a number of patients still 
have deterioration of LV function and a poor cardiac prognosis associated with 
a persistence of neurohormonal activation (Swedberg et al. 1990; Pouleur et al. 
1993). Indeed, plasma Ang II and aldosterone concentrations are not suppressed 
in all patients treated with ACE inhibitors (MacFadyen et al. 1999). Even maxi- 
mally recommended doses of ACE inhibitors (40 mg of long-acting drugs or 
150 mg captopril) in patients with stable CHE do not fully prevent pressor re- 
sponse to ascending doses of Ang I and thus Ang II formation (Jorde et al. 
1998). Alternative pathways for Ang II production (Urata et al. 1990) and the 
competitive nature of ACE inhibitors may also explain this phenomenon. The 
alternative of blocking AT i receptors to provide more benefits than ACE in- 
hibitors in patients with CHE by achieving a more complete blockade of the 
Ang II effects generated both through ACE and non-ACE pathways has not been 
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supported by the results of the ELITE II (Pitt et al. 2000) and OPTIMAAL trials 
(Dickstein and Kjekshus 2002) at the selected daily dose of losartan and by re- 
cent meta-analysis (Jong et al. 2002). There is, therefore, a rationale for combin- 
ing ACE inhibitors and ATi receptor antagonists in patients with CHE 

The first evidence of the potential benefits of this combination came from ex- 
perimental models of heart failure. In a pig model of pacing-induced heart fail- 
ure, combining benazepril and valsartan, at doses that gave inhibition of Ang I 
or Ang II pressor responses at peak similar to each drug given alone, provided 
additional benefits for LV pump function and prevented neurohormonal activa- 
tion at rest (Spinale et al. 1997b) and during exercise (Krombach et al. 1998). 
Acute synergistic hemodynamic improvements (reduction in total peripheral re- 
sistance and increase in cardiac output) with the combination of low doses of 
enalaprilat (1 mg/kg) and losartan (1 mg/kg) in comparison to a fourfold in- 
crease in the dose of either enalaprilat or losartan alone were subsequently dem- 
onstrated in a similar model (Shen et al. 1998). Over the long-term, combina- 
tion of quinapril 10 mg o.d. and losartan 50 mg o.d., at doses that produce max- 
imal inhibition of Ang I or Ang II pressor responses at peak similar to each drug 
given alone, delayed more LV dilatation than each drug given singly at the same 
dose in a model of rapid ventricular pacing in the New Zealand white rabbit 
(Kawai et al. 2000). The beneficial effects of combined RAS blockade on cardiac 
load and function and on neurohormonal activation is associated with an im- 
provement in survival rate (Kim et al. 2001). 

After demonstrating that combined blockade of the RAS was beneficial in an- 
imal models of CHE, adding an ATi receptor antagonist on top of a nonstan- 
dardized ACE inhibitor-based treatment in patients with stable CHE (class 
II-IV) in small-sample studies was shown to further decrease cardiac load and 
plasma aldosterone levels after 4 weeks, both significantly and safely (Baruch et 
al. 1999), to further increase cardiac output (Gremmler et al. 2000) and to im- 
prove peak exercise capacity and functional CHE class after 6 months in patients 
with severe CHE, despite treatment with maximally recommended or tolerated 
doses of ACE inhibitors (Hamroff et al. 1999). Subsequently, in 766 patients with 
stable CHE (class II-IV), a combination of candesartan 4-8 mg o.d. and enala- 
pril 10 mg b.i.d. for 43 weeks was shown to be more effective in preventing LV 
remodeling and dilatation, in decreasing BP and in reducing both plasma aldo- 
sterone and BNP concentrations than either enalapril 10 mg b.i.d. or candesar- 
tan alone up-titrated to 16 mg o.d., with no improvement in mortality (McKelvie 
et al. 1999). 

On the other hand, other small studies reported no additional benefits of 
adding an ATi receptor antagonist on top of a stable nonstandardized maximally 
tolerated ACE inhibitor treatment in terms of exercise capacity, ejection fraction 
or neurohormonal activation (Houghton et al. 2000; Murdoch et al. 2001; Ellis et 
al. 2002). 

All these clinical studies have a number of limitations: short treatment peri- 
ods, small group sizes, nonstandardized ACE inhibitor treatment that was not a 
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clearly predetermined maximum dose, and use of only one dose of an ATi re- 
ceptor antagonist. 

The cardioprotective effects of the combined RAS blockade are demonstrated 
by the results of ValHeFT (Cohn and Tognoni 2001) and even more by CHARM- 
Added (Candesartan in Heart failure-Assessment of Reduction in Mortality and 
morbidity) (McMurray et al. 2003) trials, which both showed consistently that 
adding an ATi receptor blocker to an ACE inhibitor-based treatment improves 
cardiovascular outcome. In the CHARM-Added trial (McMurray et al. 2003), the 
administration of a high dose of candesartan (mean daily dose, 24 mg) to pa- 
tients with class II-IV CHE and LV ejection fraction <40% who were being treat- 
ed with a standard daily dose of an ACE inhibitor for at least 6 months resulted 
in 15% relative risk reduction [hazard ratio, 0.85, (95% Cl, 0.75-0.96), p<0.011] 
in cardiovascular death and hospital admission for CHE, compared to a placebo. 
In other words, 23 patients have to be treated for 3 years to prevent one first 
event of cardiovascular death and admission of hospital for CHE. The beneficial 
effects of candesartan were consistent among all prespecified subgroups, includ- 
ing patients treated with beta-blockers. 



5.1.3 

Ischemic Heart Disease: Prevention of Left Ventricular Remodeling 
After Myocardial Infarction 

Myocardial remodeling after acute myocardial infarction (MI) is accompanied 
by the accumulation of collagen in the noninfarcted region of the heart (Volders 
et al. 1993) and contributes to heart failure development and late mortality 
(Pfeffer et al. 1995). Both LV remodeling and collagen accumulation after MI are 
reversed experimentally by either an ACE inhibitor or an ATi receptor antago- 
nist (Richer et al. 1992; Schieffer et al. 1994). In addition, ACE inhibitors have 
been shown to improve morbidity and mortality in patients with LV dysfunction 
with and without heart failure after MI (ACE Inhibitor Myocardial Infarction 
Collaborative Group 1998; Elather et al. 2000). 

The effects of combined RAS blockade after MI have been studied in animal 
models in both acute or chronic studies. The acute IV administration of a com- 
bination of ramiprilat 50 pg/kg and candesartan 1 mg/kg enhances the reduc- 
tion of infarct size following a 90-min low- flow ischemic episode and 120 min 
reperfusion in anesthetized pigs compared to a monotherapy by either drug 
alone at the same dose when started immediately (Weidenbach et al. 2000). This 
beneficial effect was prevented by the B2 receptor-antagonist, icatibant, and thus 
appeared to be mediated by bradykinin (Weidenbach et al. 2000). In contrast, 
when started later, e.g., 24 h after induction of MI in rats, an ACE inhibitor, an 
ATi receptor antagonist alone nor their combination could reduce the infarct 
size (Yu et al. 2001; Nakamura et al. 2003). 

The studies comparing the preventive effects of ACE inhibitors, ATi receptor 
antagonists and their combination on post-MI LV remodeling and myocardial 
structural changes, such as collagen accumulation, macrophage and myofibro- 
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blast infiltration and myocardial expression of different genes, have yielded con- 
flicting results, but none of them investigated either drug over its full dose range 
up to its maximum effect. Therefore, depending on the doses used, these studies 
have shown either the additive (Mankad et al. 2001; Yu et al. 2001; Nakamura et 
al. 2003) or a nonadditive (Taylor et al. 1998; Richer et al. 2001) effect of the 
combination of an ACE inhibitor and an ATi receptor antagonist. The interpre- 
tation of the results favored the bradykinin-mediated effects when the ACE in- 
hibitor alone or in combination was more effective than the ATi receptor antag- 
onist alone (Taylor et al. 1998) or the Ang Il-mediated effects when the reverse 
was observed (Yu et al. 2001). However, Nakamura et al. (2003) have shown that 
combining low doses of the ACE inhibitor temocapril 1.5 mg/kg and the ATi re- 
ceptor antagonist CS-866 0.5 mg/kg improved more LV phenotypic change, col- 
lagen accumulation and diastolic dysfunction after MI in rats than maximal ef- 
fective doses of each RAS blocker (3 and 1 mg/kg, respectively), even though 
combination and single-site blockade were equipotent in reducing LV end-dia- 
stolic pressure and volume (Nakamura et al. 2003). 

The critical issue of the most appropriate dose selection is highlighted by the 
results of the OPTIMAAL trial, where a nonsignificant difference in favor of a 
high dose of captopril (50 mg t.i.d.) was observed when compared to a rather 
low dose of losartan (50 mg o.d.) (Dickstein and Kjekshus 2002). The question 
whether combined RAS blockade will provide further benefits compared to sin- 
gle-site blockade in patients after MI will also be answered by the results of the 
VALIANT trial (Valsartan in Acute Myocardial Infarction) (Pfeffer et al. 2000), a 
multicenter, double-blind, randomized, active controlled parallel-group study 
comparing the efficacy and safety of valsartan titrated up to 160 mg b.i.d., cap- 
topril titrated up to 50 mg t.i.d., and their combination titrated up to captopril 
50 mg t.i.d. + valsartan 80 mg b.i.d. in 14,500 patients with CHE and/or LV dys- 
function after ML 



5.1.4 

Vascular Wall 

In normotensive rats, a combination of an ACE inhibitor and an ATi receptor 
antagonist at maximally effective doses prevented intimal thickening after bal- 
loon injury to a large extent, inhibited more potently PDGF-beta receptor tyro- 
syl phosphorylation and prevented intimal vascular smooth muscle cell prolifer- 
ation more potently than single-site blockade at the same doses (Kim et al. 
2002). Furthermore, a nonpeptide bradykinin B2 receptor antagonist or an NO 
synthase inhibitor reduced the prevention of intimal thickening by combined 
RAS blockade, suggesting that either bradykinin or NO partly contributes to its 
beneficial vascular effects. Bradykinin has also been reported to be involved in 
the reduction of infarct size after myocardial ischemia in pigs by combined RAS 
blockade (Weidenbach et al. 2000). Combined blockade of the RAS has also 
been shown to improve endothelial dysfunction (Goto et al. 2000). In L-NAME 
SHR, a model of severe hypertension and severe endothelial dysfunction and 
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glomerulosclerosis, combined blockade of the RAS with a low dose of valsartan 
(5 mg/kg) and benazepril (5 mg/kg) improved survival, despite persistence of 
renal dysfunction and high BP, suggesting that survival improvement may be re- 
lated to a direct effect of the combination on the endothelium (de Gasparo et al. 
2000 ). 

These results, combined with the results of the SECURE study, in which an 
effective dose of the ACE inhibitor, ramipril 2.5 mg, did not reduce intima-me- 
dia thickness, is in favor of using either higher doses or a combined RAS block- 
ade (Lonn et al. 2001). 



5.2 

Beneficial Effects of Combined RAS Blockade for Nephroprotection 

The two main strategies for protection against loss of renal function in patients 
with chronic nephropathies have been to lower BP and to restrict dietary protein 
(Ruggenenti et al. 2001). Although lowering of BP results in lowering of urine 
protein excretion, a specific blockade of the RAS has additional effects and re- 
tards more the progressive course of chronic renal disease than other nonspecif- 
ic antihypertensive treatments. Beyond their BP-lowering effects, ACE inhibitors 
are nephroprotective both in diabetic and nondiabetic renal disease (Lewis et al. 
1993; Maschio et al. 1996; The GISEN Group 1997; Jafar et al. 2001) and ATi re- 
ceptor antagonists are also nephroprotective, at least in type 2 diabetic nephrop- 
athy (Brenner et al. 2001; Lewis et al. 2001; Parving et al. 2001). 

The nephroprotection afforded by RAS blockers is related to their antipro- 
teinuric properties. Since the antiproteinuric response to treatment is the stron- 
gest predictor of long-term nephroprotective efficacy and the presence of a re- 
sidual proteinuria during treatment is an independent risk factor for progres- 
sion of renal disease (The GISEN Group 1997; Ruggenenti et al. 1998), the focus 
of nephroprotection has shifted toward maximal reduction of proteinuria, in ad- 
dition to optimal control of BP (De Jong et al. 1999). However, many patients 
with chronic diabetic or nondiabetic nephropathy do not reach BP targets and 
have persistently elevated proteinuria, despite treatment with several antihyper- 
tensive agents, including recommended doses of ACE inhibitors. Since this in- 
sufficient response might be explained by incomplete blockade of the RAS (Vos 
et al. 1995), as in other clinical settings, there is also a rationale for either in- 
creasing the dosage of the RAS blockers more or combining an ACE inhibitor 
with an ATi receptor antagonist. 



5.2.1 

Experimental Models of Nephropathy 

In different experimental models of renal failure associated with proteinuria 
and histological damage, combined RAS blockade has been shown to be either 
more effective than (Cao et al. 2000, 2001; Wilkinson-Berka et al. 2001), equiva- 
lent to (Burdmann et al. 1995; Kohzuki et al. 1995; Ots et al. 1998; Bos et al. 
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2002) or less effective (de Gasparo et al. 2000) than single-site blockade in terms 
of BP and proteinuria reduction, depending on the experimental model, the rat 
strain, the severity of the pretreatment histological damage, the doses of the 
drugs used alone or in combination and the duration of treatment. In the posi- 
tive studies, the combination of low doses of an ACE inhibitor and an ATi recep- 
tor antagonist has been shown to induce similar reductions in BP and protein- 
uria and afford nephroprotection similar to higher doses of each RAS blocker 
alone (Wilkinson-Berka et al. 2001). In addition, a close correlation between 
proteinuria reduction and the drop in BP was observed, and the more the BP 
level was decreased the more proteinuria was reduced. In contrast, in Wistar 
rats with nonhypertensive adriamycin-induced proteinuric nephrosis that were 
resistant to a maximally effective dose of lisinopril (75 mg/1). Bos et al. (2002) 
were unable to show any additional hypotensive, antiproteinuric and nephro- 
protective effect of either doubling the lisinopril dose or adding an ATi receptor 
antagonist. The same observation was made in L-NAME SHR (de Gasparo et al. 
2000 ). 

Finally, all studies failed to demonstrate any short-term additional benefit of 
combined over single-site RAS blockade in terms of preventing glomeruloscle- 
rosis and tubulointerstitial injury and, consequently, in terms of preventing 
GFR decline. The mechanisms responsible for the dissociation between a reduc- 
tion in BP and proteinuria and preservation of renal tissue are not fully under- 
stood and are probably multifactorial. Firstly, in contrast with humans with sev- 
eral operational non-ACE pathways, especially the chymase pathway, the contri- 
bution of such pathways in rodents seems limited (Hollenberg 2000), thus re- 
ducing the probability of detecting an additional effect of the combination of an 
ATi receptor antagonist and an ACE inhibitor. Secondly, improvement of renal 
structural changes requires not only a further reduction in BP and in glomeru- 
lar perfusion pressure by RAS blockade, but also an intervention at the earliest 
stage of glomerular and tubular lesions (Ikoma et al. 1991; Burdmann et al. 
1995; Remuzzi et al. 2002a), since once interstitial fibrosis is established, it is 
probably irreversible (Burdmann et al. 1995). 



5.2.2 

Patients with Diabetes Nephropathy 

At the stage of incipient nephropathy, combining usual daily doses of lisinopril 
20 mg and candesartan 16 mg in type 2 diabetic patients whose hypertension 
remained resistant to a 12-week treatment with either monotherapy, further re- 
duced self-measured SBP/DBP by 8.675.6 mmHg and by 11.2/5.9 mmHg and mi- 
croalbuminuria by 18% (NS) and 34% (p<0.04) compared to the continuation of 
either lisinopril 20 mg or candesartan 16 mg o.d. (Mogensen et al. 2000). At a 
later stage of disease progression, adding a high or standard usual dose of an 
ATi receptor antagonist (irbesartan 300 mg o.d. or candesartan 8 mg o.d., re- 
spectively) to a background of nonstandardized ACE inhibitor treatment in type 
1 and 2 diabetic hypertensive patients, further safely reduced both 24-h ambula- 





Combined Blockade of the Renin Angiotensin System 499 



tory SBP/DBP (by 8/5 mmHg and 10/3 mmHg, respectively) and albuminuria 
(by 37% and 24%, respectively) compared to a placebo (Jacobsen et al. 2002; 
Rossing et al. 2002). The greatest decrease in BP was observed in patients with 
the highest residual plasma Ang II concentrations with ACE inhibitor treatment. 
Finally, the presence of a positive correlation between BP and albuminuria re- 
duction in patients with diabetic nephropathy suggests that the nephroprotec- 
tive effect of the combined RAS blockade is in part due to changes in systemic, 
local and glomerular capillary pressures, as observed in experimental models of 
diabetic nephropathy. 



5.2.3 

Patients with Chronic Nephropathies of Various Origins 

The majority of the small sample size studies comparing the short-term antihy- 
pertensive and antiproteinuric effects (4-8 weeks) of combined RAS blockade 
with single-site blockade in hypertensive or normotensive patients with protein- 
uric nondiabetic nephropathies have shown a greater benefit of the combination 
over either ACE inhibition or ATi receptor blockade alone or an additional hy- 
potensive and antiproteinuric effect of adding an ATi receptor antagonist on a 
background of ACE inhibition (Ruilope et al. 2000; Laverman et al. 2001; Pertic- 
ucci et al. 2001; Russo et al. 2001; Berger et al. 2002; Ferrari et al. 2002; Nakao et 
al. 2003). In an elegant three-period crossover, prospective, randomized, open- 
blinded end-point study (PROBE), Ferrari et al. (2002) showed that a 6-week 
combination of fixed standard daily doses of irbesartan 150 mg and fosinopril 
20 mg in ten Caucasian hypertensive patients with chronic proteinuric glomeru- 
lonephritis (mean basal proteinuria, 7.9 g/24 h) reduced more proteinuria 
(-58%) than either drug given alone (-37% and -32%, respectively) after con- 
trolling for confounding factors such as dietary sodium, protein intake and re- 
nal function. Fosinopril 20 mg and irbesartan 150 mg alone were equivalent 
in terms of BP reduction at trough (final SBP/DBP, 135/84 mmHg and 134/ 
84 mmHg, respectively), and their combination was nonsignificantly additive 
(final SBP/DBP, 129/83 mmHg) (Ferrari et al. 2002). Using a double-blind place- 
bo-controlled randomized two-period crossover design in a similar clinical situ- 
ation, Berger et al. (2002) showed that adding a once-daily fixed low dose of 
8 mg candesartan on a background nonstandardized ACE inhibitor treatment 
that normalized BP (<130/80 mmHg) for at least 3 months, further reduced sig- 
nificantly both ambulatory BP from 127/79 mmHg to 123/76 mmHg and pro- 
teinuria from 1.9 g/24 h to 1.3 g/24 h with no significant changes in GFR and 
renal plasma flow. Finally, combining low doses of valsartan 80 mg o.d. and be- 
nazepril 5-10 mg o.d. (Ruilope et al. 2000; Perticucci et al. 2001) or enalapril 
10 mg o.d. and losartan 50 mg o.d. (Russo et al. 2001) has been shown to have 
either a greater or equivalent BP-lowering and antiproteinuric effect than dou- 
bling the dose of each single-site blocker. 

Whether similar beneficial BP and renal effects would be achieved by increas- 
ing even more the dosage of each single-site blocker toward the top of its dose- 
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response curve as well as twice-daily administrations remains controversial. 
After having determined the individual optimal antiproteinuric dose of losartan 
(50, 100 and 150 mg o.d.) and lisinopril (10, 20 and 40 mg o.d.) in an open label 
titration crossover protocol, Lavermann et al. (2001) have shown that the com- 
bination of maximal effective doses of losartan (100 mg o.d.) and lisinopril 
(40 mg o.d.) reduced proteinuria more than the optimal doses of losartan and 
lisinopril alone. BP was reduced more by the combination than by the optimal 
dose of losartan and not of lisinopril. On the other hand, in patients with hyper- 
tension and proteinuria resistant to a triple antihypertensive therapy including 
3 months of lisinopril 40 mg o.d., the addition of losartan 50 mg o.d. failed to 
reduce BP and proteinuria compared to placebo (Agarwal 2001). Although losar- 
tan had no effect on BP and proteinuria, it significantly lowered urine TGF betal 
concentration, a sensitive marker of kidney damage, which was persistently in- 
creased despite maximal ACE inhibition with lisinopril 40 mg o.d. (Agarwal et 
al. 2002). 

The short-term reduction in urine protein excretion demonstrated during 
combined RAS blockade is only a surrogate end-point. The next question is 
whether combination of ACE inhibitor and ATi receptor antagonist will slow 
the decline in renal function and postpone end-stage renal failure in these pa- 
tients. In accordance with experimental models of nephrosis or renal failure, 
none of the short-term positive studies demonstrated an additional improve- 
ment in CFR with combined RAS blockade. However, the difference in CFR be- 
tween groups over a short period may not be a sensitive marker of response to 
treatment. Indeed, the COOPERATE trial shows greater nephroprotection from 
the combined RAS blockade than from single-site RAS blockade after 3 years of 
treatment (Nakao et al. 2003). After screening and an 18-week run-in period to 
demonstrate that 3 mg o.d. of trandolapril was a maximally antiproteinuric 
dose, 263 of 336 patients with nondiabetic renal disease of different etiologies 
(mainly glomerulopathy, 65%) and persistent proteinuria greater than 0.3 g/24 h 
were randomly assigned to losartan 100 mg daily, trandolapril, 3 mg daily, or a 
combination of both drugs at equivalent doses (Nakao et al. 2003). The maxi- 
mum fixed doses were achieved after a period of 9-12 weeks and all patients 
were requested to restrict sodium and protein intake. Patients were stratified by 
baseline CFR (< or >45 ml/min per 1.73 m^), baseline proteinuria (<1 g/day, 
1 to <3 g/day, <3 g/day) and reduction in proteinuria with trandolapril during 
the run-in period (< or >7% per day). Mean age of the patients was 
44.8-45.9 years, mean creatinine clearance was 37.5-38.4 ml/min per 1.73 m^, 
baseline proteinuria was 2.4-2.5 g/day. More than 90% of the patients were 
hypertensive at baseline and treated with a median of three (range, 1-3) antihy- 
pertensive drugs, excluding RAS blockers, and baseline BP was 130±10.5/ 
76±5.6 mmHg. After a first interim analysis that showed a difference in end- 
point incidence in favor of the combination, the trial was stopped at year 3. 

By year 3, the combination of trandolapril 3 mg and losartan 100 mg daily 
had a much greater nephroprotective effect than either losartan 100 mg or tran- 
dolapril 3 mg given alone. Ten (11%) patients on combination treatment 
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reached the combined primary endpoint, i.e., time to doubling of serum creati- 
nine concentration or end-stage renal disease, compared with 20 (23%) on tran- 
dolapril alone (hazard ratio, 0.38; 95% Cl, 0.18-0.63, p=0-018) and 20 (23%) on 
losartan alone (hazard ratio, 0.40; 95%CI, 0.17-0.69, p=0.016). In other words, 
in comparison with single-site RAS blockade, 8-9 patients would have to be 
treated with the combination of trandolapril and losartan for 3 years to avoid 
the occurrence of one combined primary end-point (Nakao et al. 2003). 

The benefits of combination treatment were shown independently of baseline 
urinary protein excretion and was mainly observed in patients with glomerulo- 
nephritis rather than with nephrosclerosis. The three treatment groups showed 
the same reductions in BP but the combination reduced more proteinuria dur- 
ing the whole trial duration (maximum median change, -75.6%) than either 
losartan (-42%) or trandolapril (-44.3%). The significant antiproteinuric effect 
of combination treatment was seen irrespective of both baseline proteinuria and 
GFR, and even patients classified as low-responders showed a greater response 
to combined RAS blockade than to single-site blockade. 

These findings are in accordance with the results of the REIN follow-up study 
in patients with nondiabetic nephropathy (The GISEN Group 1997; Ruggenenti 
et al. 1998) and earlier studies in diabetic patients (Parving et al. 1987), where a 
progressive reduction in GFR decline was observed if the antihypertensive treat- 
ment was continued for a long enough period. 

The renal effects of the combined blockade of the RAS require special atten- 
tion. The intrarenal RAS is not regulated in the same way as the circulating RAS 
(Nussberger 2000). The huge amount of renin locally synthesized and released, 
the limited amount of endothelial ACE, the intrarenal consumption of angioten- 
sinogen (Campbell 1997; Navar et al. 2001), the uptake of Ang II by the renal 
ATi receptors (Van Kats et al. 2001) influences intrarenal levels of Ang I and 
Ang II, which differ from their plasma levels. These observations explain why 
specific renal benefits are expected from the combined blockade at the level of 
the renal tissue under pathological conditions, and specific renal adverse effects 
can be predicted from renal hemodynamics. 

The mechanisms by which combination of the ACE inhibitor and ATi recep- 
tor antagonist provide an additional antiproteinuric response are probably mul- 
tifactorial, either due to systemic and glomerular capillary hemodynamic 
changes or to a more complete neutralization of Ang II effects, or both. An ad- 
ditional decrease in BP with combined RAS blockade correlated with an addi- 
tional reduction in proteinuria was reported in several studies. However, the 
drop in BP was small, suggesting that the greater antiproteinuric effect might be 
attributed to more complete RAS blockade. For example, blocking the stimulat- 
ing effects of Ang II on TGF betal production by both proximal tubular and 
glomerular mesangial cells, which may locally promote renal fibrosis by stimu- 
lating fibroblast proliferation and matrix accumulation (Kagami et al. 1994), 
could have beneficial nephroprotective effects (Sharma et al. 1999; Agarwal 
et al. 2002). An alteration in glomerular basement membrane pore selectivity 
(Morelli et al. 1990; Perna and Remuzzi 1996) or decreased mesangial matrix 
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production and mesangial cell proliferation (Nakamura et al. 1999) could also 
mediate the reduction in proteinuria. Finally, the beneficial effect of combined 
RAS blockade could be due to the reinforcement of the blockade of the auto- 
crine effects of Ang II on glomerular nephrin expression, since the down-regu- 
lation in both gene and protein expression of the transmembrane protein ne- 
phrin, which accompanies the development of albuminuria in experimental 
models of hypertension and diabetes, has been shown to be reversed by an ATi 
receptor antagonist or an ACE inhibitor (Hulthen 2003). 

The recommended doses of ACE inhibitors and ATi receptor antagonists are 
derived form hypertension trials, and the dose-response for lowering proteinur- 
ia and retarding progression of renal failure may not be similar to the dose-re- 
sponse for BP reduction. There is both experimental evidence (Ikoma et al. 
1991) and clinical evidence that RAS blockers should be up-titrated toward the 
maximal effective antiproteinuric or tolerated dose to afford the greatest 
nephroprotection, especially in patients with the highest baseline proteinuria 
(Jafar et al. 2001; Nakao et al. 2003). In the REIN study, the ramipril-induced re- 
duction in proteinuria predicted the slower decline in GFR and lower incidence 
of end-stage renal failure (The GISEN Group 1997; De Jong et al. 1999). Forced 
titration or up-titration to maximally tolerated doses of either ACE inhibitors 
(Laverman et al. 2002; Pisoni et al. 2002) or ATi receptor antagonists (Laverman 
et al. 2001, 2002) increases their antiproteinuric effect in patients with chronic 
nondiabetic (Laverman et al. 2001) and diabetic (Andersen et al. 2002; Jacobsen 
et al. 2002; Rossing et al. 2002) nephropathies and persistent proteinuria. More- 
over, the combination of maximal effective doses of losartan (100 mg o.d.) and 
lisinopril (40 mg o.d.) reduced proteinuria more than both optimal doses of 
losartan and lisinopril alone (Laverman et al. 2002). The IRMA II trial also con- 
vincingly showed the dose-dependent nephroprotective effects of 300 mg of 
irbesartan in reducing the incidence of overt nephropathy in patients with type 
II diabetes and microalbuminuria, whereas the dose of 150 mg could not be dif- 
ferentiated from placebo (Parving et al. 2001). At the stage of overt diabetic 
nephropathy, the same high dose of irbesartan 300 mg was also shown to be 
highly nephroprotective, whereas a high dose of amlodipine (10 mg) could not 
be differentiated from placebo (Lewis et al. 2001). In the RENAAL trial, the dose 
of losartan was up-titrated to 100 mg for achieving a target BP in 71% of the pa- 
tients (Brenner et al. 2001). Finally, in the COOPERATE trial a greater nephro- 
protection was afforded by combination of trandolapril and losartan (Nakao et 
al. 2003). 

In addition to the general advantages of the combined RAS blockade over 
single-site RAS blockade, what is its added value in patients with nephropathy 
of diabetic or nondiabetic origin? 

1. Amplify the known beneficial effects of single-site RAS blockade. 

2. Lower further BP and therefore reach the WHO recommended optimal BP 

goal more easily. This will probably be associated with greater prevention 
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in micro- and macrovascular complications of diabetes (Hansson et al. 
1998; UK Prospective Diabetes Study Group 1998b). 

3. Better prevent the progression to overt proteinuria and nephropathy of type 
2 diabetic patients with microalbuminuria and even restore normoalbumin- 
uria (Parving et al. 2001). 

4. Reduce proteinuria further in patients with overt proteinuria and therefore 
provide more nephroprotection (Nakao et al. 2003) if the renal damage is 
not irreversible. 

5. Achieve a more complete and permanent RAS blockade and overcome the 
counter-regulatory effects of renin release, which maintains active Ang II 
concentrations in the vicinity of ATi receptors. Beyond the BP-Iowering 
effect, a more complete neutralization of the effects of Ang II on intrarenal 
hemodynamics (Anderson et al. 1985), glomerular size permeability 
(Remuzzi et al. 1999) or structure (Kagami et al. 1994) may also contribute 
to a greater reduction in proteinuria and finally to halting GFR decline 
(Nakao et al. 2003). 

However, besides a more complete blockade of the RAS and the best BP con- 
trol achievable, which will require combination with other antihypertensive 
drugs, a multifactorial intervention targeting lipid-lowering drugs, smoking ces- 
sation and, in addition, tight blood glucose control for diabetic patients is 
deemed necessary to optimize nephroprotection (Ruggenenti et al. 2001; 
Remuzzi et al. 2002b). 

6 

Safety of the Combined Blockade of the RAS 

Theoretically, the price to be paid by combining an ACE inhibitor with an ATi 
receptor antagonist will be more side effects, especially those dependent on ACE 
inhibition such as cough (Mogensen et al. 2000; Waeber et al. 2001; Nakao et al. 
2003), and the potential hazards of a complete RAS blockade, especially in situ- 
ations where BP and renal functions are extremely renin-dependent. Indeed, hy- 
potension, renal insufficiency, weight loss, lethargy and mortality were observed 
in SHR within 12 days following the onset of a combined enalapril 10 mg/kg 
and losartan, 10 mg/kg treatment (Menard et al. 1997). Renal insufficiency, also 
described with the perindopril-losartan combination (Griffiths et al. 2001), is of 
functional origin, as no histological lesions can be detected (Menard et al. 1997) 
and it can be prevented by a high-salt diet (Griffiths et al. 2001). In humans, the 
range of doses that can be used are much lower than in animals. In patients with 
baseline renal failure, no episodes of acute renal failure were reported at the 
dose of RAS blockers used (Ruilope et al. 2000; Nakao et al. 2003); on the con- 
trary, a reduction in the incidence of the time to doubling serum creatinine and 
end-stage renal failure was even observed (Nakao et al. 2003). However, if treat- 
ments combining an ACE inhibitor and an ATi antagonist become more com- 
monly used in patients, and especially in elderly patients and in patients with 
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proteinuria, renal artery stenosis, renal failure or CHF, the experimental data 
predict a potential risk of functional renal failure, especially in patients who are 
sodium-restricted or are exposed to associated treatments such as diuretics or 
nonsteroidal anti-inflammatory drugs (Kamper et al. 2002) and during anesthet- 
ic induction (Brabant 1999). 

To date, all clinical trials have reported a good tolerance profile of the combi- 
nation of an ACE inhibitor and ATi receptor antagonist. There were a few re- 
ports of transient dizziness when the treatment was initiated (Russo et al. 2001; 
Ferrari et al. 2002; Laverman et al. 2002; Nakao et al. 2003) and an increase 
in serum potassium levels, especially when the baseline GFR was less than 
35 ml/min (Ruilope et al. 2000; Jacobsen et al. 2002) or when spironolactone 
was part of the combination therapy in patients with CHF (McMurray et al. 
2003). In the COOPERATE trial, the incidence of hyperkaliemia and dry cough 
was similar in the trandolapril (8/86 and 5/86, respectively) and the combina- 
tion group (7/88 and 5/88, respectively) and both were higher than in the losar- 
tan group (4/89 and 1/89) (Nakao et al. 2003). However, during the run-in peri- 
od under trandolapril alone, 24 patients were excluded for dry cough and one 
for angioedema (Nakao et al. 2003). In the CHARM-Added trial, 4.5% of the 
candesartan-treated patients with CHF compared to 3.1% of the placebo-treated 
patients (p=0.079) experienced a significant hypotension leading to treatment 
interruption (McMurray 2003). In addition, the incidence of significant creati- 
nine increase was almost doubled in the candesartan group (7.8% vs 4.1% in the 
placebo group), as was the incidence of hyperkalemia. 

In addition to monitoring serum potassium levels in patients with renal fail- 
ure, hematocrit should be also monitored. Both ACE inhibitors (Hirakata et al. 
1984) and ATi receptor antagonists (Schwarzbeck et al. 1998) have been report- 
ed to lower hematocrit, especially in patients with renal failure, and their combi- 
nation has been reported to significantly lower hematocrit and hemoglobin lev- 
els in patients with either IgA nephropathy (Russo et al. 2001) or diabetic neph- 
ropathy (Jacobsen et al. 2002), as would be expected (Cole et al. 2000). 

7 

Discussion 

The results from experimental models (Ikoma et al. 1991; Chobanian et al. 1992; 
Rakugi et al. 1994; Wollert et al. 1994; Chobanian et al. 1995) and randomized 
controlled clinical trials have shown that the more intense the blockade of the 
RAS is during ACE inhibition (Packer et al. 1999; Yusuf et al. 2000; Lonn et al. 
2001), ATi receptor blockade (Parving et al. 2001) or combined RAS blockade 
(Nakao et al. 2003), the more effective the prevention of target organ damage is. 
Compared with higher doses of single-site blockers, a combination of an ACE 
inhibitor and an ATi receptor antagonist blocks the RAS more effectively. After 
the demonstration of the synergistic or additive blood pressure effects of the 
combined RAS blockade in sodium-depleted normotensive subjects (Azizi et al. 
1995, 1997) and animal models (Menard et al. 1997; Webb et al. 1998), the com- 
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bined blockade of the RAS compared to single- site blockade was shown to 
be more efficient (a) in lowering BP in Caucasian hypertensive patients with 
predominantly low renin concentrations (Azizi et al. 2000), type II diabetes 
(Mogensen et al. 2000), or renal failure (Ruilope et al. 2000), (b) in lowering pro- 
teinuria and retarding progression of renal failure in patients with diabetic and 
overall nondiabetic nephropathy (Nakao et al. 2003), and (c) in finally improv- 
ing LV remodeling and cardiac function status and cardiovascular morbidity 
and mortality in patients with CHF (McKelvie et al. 1999; Cohn and Tognoni 
2001; McMurray et al. 2003). 

However, the question of how dose selection of each RAS blocker influences 
the results of all studies reported to date remains a crucial one (Maillard et al. 
2002). One advantage of the synergy or additivity of two antihypertensive drugs 
is ultimately reducing dosages of individual drugs to achieve the same therapeu- 
tic response. This is important when the side effects associated with a single- 
drug therapy are dose-dependent. The demonstration of additivity or synergism 
depends on the selected dosages of drugs. In animal models, the synergistic ac- 
tivity of the combined RAS blockade allows the individual dosages for each 
agent to be reduced from three- to tenfold (Menard et al. 1997; Webb et al. 
1998) and still maintain the same BP-lowering effect as each drug given singly at 
a higher dose, because it can overcome the counter-regulatory effects of renin 
release due to RAS inhibition. In sodium-depleted normotensive subjects (Azizi 
et al. 1995 1997) and patients with hypertension (Ruilope et al. 2000), combined 
RAS blockade was also shown to be more effective than doubling the dose of a 
single-site RAS blocker. Accordingly, Forclaz et al. (2003) have recently shown 
that a twice-daily dose of 100 mg losartan was required to achieve the same BP 
effect and the same RAS blockade over 24 h as a once-daily combination of 
losartan 100 mg and lisinopril 20 mg. 

Thus, a combined blockade of RAS allows the use of lower doses of each of 
its components to achieve a more effective and more prolonged RAS blockade. 
This may reduce the dose-dependent adverse effects of one or both drugs, espe- 
cially the ACE inhibitor, and makes possible a once-daily administration to 
achieve a permanent blockade of the RAS over 24 h, which may improve treat- 
ment compliance. 

To summarize, the use of a combination of an ACE inhibitor and an ATi re- 
ceptor antagonist at low doses: 

- Improves 24-h blockade of the RAS especially at trough 

- Improves compliance by maintaining a once-daily regimen 

- Reduces the number of pills taken by the patient 

- May reduce treatment costs 

- Reduces the incidence of dose-dependent side effects 

- Adds the specific effects of ACE inhibition to those of a more complete RAS 
tissue blockade (bradykinin, Ang 1-7, NO and AcSDKP accumulation) 
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- Adds the possibility of monitoring compliance to ATi receptor antagonists 
by measuring ACE inhibition-induced high concentrations of AcSDKP in 
urine (Azizi et al. 1999) 

However, as shown by the results of the COOPERATE and the CHARM- 
Added trials, beyond BP lowering, there is clear evidence that blocking the RAS 
is more efficient using a combination of an ACE inhibitor and an ATi receptor 
antagonist at high doses to achieve the best nephroprotection in patients with 
chronic nephropathy and the best cardioprotection in patients with CHE, respec- 
tively. 

8 

Perspectives 

The contrast between the positive results of the HOPE study (Yusuf et al. 2000), 
which used a high dose of 10 mg of the ACE inhibitor ramipril to prevent car- 
diovascular mortality and morbidity in patients with a high cardiovascular risk, 
and those of the SECURE study, in which an effective dose of the ACE inhibitor, 
ramipril 2.5 mg, did not reduce intima-media thickness (Lonn et al. 2001), and 
the positive results of the IRMA II study (Parving et al. 2001), the COOPERATE 
study (Nakao et al. 2003) and the CHARM-Added trial (McMurray 2003) high- 
light how important it is to block the RAS more strongly than that necessary to 
reduce only BP. The advantage offered by combining two RAS blockers is to in- 
crease the beneficial effect of cardioprotection (McMurray et al. 2003) and 
nephroprotection (Nakao et al. 2003), which are currently demonstrated with 
the highest doses of an ACE inhibitor (Yusuf et al. 2000) or an Ang II antagonist 
(Parving et al. 2001). Two other large on-going clinical trials, ON-TARGET 
(Yusuf 2002) and VALIANT (Pfeffer et al. 2000) will give additional answers on 
the cardioprotective effects of the combined blockade of the RAS in patients 
with a high-risk cardiovascular profile and those having had myocardial infarc- 
tion. 
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Abstract The human cardiovascular system is regulated by hemodynamic and 
neurohumoral mechanisms. These regulatory systems play a key role in modu- 
lating cardiac function, vascular tone and structure as well as adhesion of blood 
cells by producing circulating and local vasoactive substances. Although neuro- 
humoral systems are essential in vascular homeostasis, they become maladap- 
tive in disease states such as hypertension, coronary disease and heart failure. 
The clinical success of blocking the renin-angiotensin-aldosterone system by 
angiotensin-converting enzyme inhibitors has led to efforts to block other hu- 
moral systems as well. Neutral endopeptidase (NEP) is an endothelial cell sur- 
face zinc metallopeptidase with a similar structure and catalytic site. NEP is the 
major enzymatic pathway for degradation of natriuretic peptides, a secondary 
enzymatic pathway for degradation of kinins, and the vasoactive and natriuretic 
peptide adrenomedullin. The natriuretic peptides can be viewed as endogenous 
inhibitors of the renin angiotensin system. Inhibition of NEP increases levels 
of natriuretic and vasodilatory peptides including atrial or A-type natriuretic 
peptide (ANP), B-type natriuretic peptide (BNP) of myocardial cell origin, and 



T. Unger et al. (eds.), Angiotensin 
© Springer-Verlag Berlin Heidelberg 2004 




520 R. Corti et al. 



C-type natriuretic peptide (CNP) of endothelial cell origin as well as bradykinin 
and adrenomedullin. By simultaneously inhibiting the renin-angiotensin-aldo- 
sterone system and potentiating the natriuretic peptide and kinin systems, va- 
sopeptidase inhibitors reduce vasoconstriction, enhance vasodilation, improve 
sodium/water balance and in turn decrease peripheral vascular resistance and 
blood pressure and improve local blood flow. Within the blood vessel wall this 
leads to a reduction in vasoconstrictor and proliferative mediators such as an- 
giotensin II and endothelin-I and increased local levels of bradykinin (and in 
turn nitric oxide) and natriuretic peptides. In hypertension, vasopeptidase in- 
hibitors such as omapatrilat are more potent in lowering blood pressure than 
any other compound. In heart failure, the difference compared to ACE in- 
hibitors is less. Nevertheless, combined inhibition of angiotensin-converting en- 
zyme and neutral endopeptidase is a new and promising approach to treat pa- 
tients with hypertension, atherosclerosis or heart failure. 

Keywords Hypertension • Heart failure • Therapy • Natriuretic peptide 

Abbreviations 

ACE Angiotensin-converting enzyme 

ANP Atrial natriuretic peptide 

BNP Brain natriuretic peptide 

CNP C-type natriuretic peptide 

CHE Congestive heart failure 

NEP Neutral endopeptidase 

RAAS Renin-angiotensin-aldosterone system 

EDHF Endothelial- derived hyperpolarizing factor 

NO Nitric oxide 

eNOS Endothelial NO synthase 



Structural, humoral and neuronal factors are involved in cardiovascular regula- 
tion, among them the sympathetic and parasympathetic nervous systems and 
the renin-angiotensin-aldosterone system (RAAS). The endothelium is a source 
of paracrine mediators such as nitric oxide (NO), endothelial-derived hyperpo- 
larizing factor (EDHF) and endothelin (Fig. 1). Circulating and local regulatory 
mediators exhibit complex synergisms and interactions; the sympathetic ner- 
vous system stimulates secretion of renin and angiotensin II which centrally 
and at the presynaptic level increase sympathetic nerve activity and enhance en- 
dothelin and vasopressin production. The natriuretic peptide system consisting 
of A-type natriuretic peptide (ANP) and B-type natriuretic peptide (BNP) of 
myocardial origin and C-type natriuretic peptide (CNP) of endothelial origin, 
on the other hand, counteract the RAAS and endothelin. Endothelial substances 
act primarily locally and exhibit vasoconstrictor, vasodilating, and mitogenic ef- 
fects. Some endothelial substances stimulate the production of cytokines and 
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Contraction Relaxation 

Proiiferation Antiproliferation 

Fig.l The synergistic effects resulting from combined ACE and NEP inhibition are due to a similar 
mechanism, leading to the blockade of angiotensin (AT) synthesis and concomitant potentiation of the 
effects of natriuretic peptides and bradykinin, leading to vasodilatation, natriuresis and improvement in 
myocardial function 



growth factors, leading to vascular smooth muscle cell proliferation. All these 
regulatory systems are crucial for proper circulatory homeostasis and for struc- 
tural vascular and myocardial regulation. 

1 

Vascular Effects of Angiotensin-Converting Enzyme Inhibitors 

The angiotensin-converting enzyme (ACE) is mainly located on endothelial cells 
where it transforms angiotensin I into angiotensin II and degrades bradykinin, 
a potent stimulator of the L-arginine and cyclooxygenase pathways (Palmer et 
al. 1987) (Fig. 1). Therefore, ACE inhibitors not only prevent the formation of a 
potent vasoconstrictor with proliferative properties, but also increase local con- 
centrations of bradykinin and, in turn the production of NO (Zhang et al. 
1997b) and prostacyclin (Wiemer et al. 1991). The latter may participate in the 
vascular protective effects of ACE inhibitors by improving local blood flow and 
preventing platelet activation. Accordingly, pretreatment of human saphenous 
vein and coronary artery with ACE inhibitors enhances endothelium-dependent 
relaxation to bradykinin (Yang et al. 1993; Auch-Schwelk et al. 1992). The de- 
creased degradation of bradykinin could therefore explain the improved endo- 
thelial function observed with ACE inhibitors in normotensive and particularly 
in hypertensive rats (Kahonen et al. 1995; Dohi et al. 1994; Bossaller et al. 1992). 
However, the improvement of endothelial function by ACE inhibitors in 
L-NAME-induced hypertension suggests that they also enhance endothelium- 
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dependent mediators other than NO (i.e., EDHF), since the activity of NO syn- 
thase (eNOS) remains suppressed in this model (Takase et al. 1996; Kung et al. 

1995) . Furthermore, ACE inhibitors stabilize the activity of B 2 -bradykininergic 
receptors independent of effects on bradykinin metabolism, since stable analogs 
of bradykinin that are not inactivated by chymase II or ACE also exhibit en- 
hanced endothelium-dependent relaxation in the presence of an ACE inhibitor 
(Mombouli et al. 1992). The effect of ACE inhibitors requires time to develop 
and can only in part be reproduced acutely, again suggesting that other mecha- 
nisms than ACE inhibition, which are rapid, are involved (Takase et al. 1996). 
Indeed, in Dahl salt-induced hypertension and in postinfarction rats, dimin- 
ished eNOS expression is restored during chronic ACE-inhibition (Quaschning 
et al. 2001; Qi et al. 1999). 

In contrast to striking improvements in experimental hypertension, studies in 
hypertensives revealed controversial results. ACE inhibitors somewhat improved 
endothelial function in subcutaneous arteries (Schiffrin and Deng 1995) and in 
the renal circulation (Mimran et al. 1995). In the forearm circulation, however, 
captopril and enalapril (Creager and Roddy 1994) or cilazapril (Kiowski et al. 

1996) failed to improve vasodilation to a muscarinic agonist, while lisinopril se- 
lectively improved vasodilation to bradykinin without restoring NO bioavailabil- 
ity (Taddei et al. 1998). The reasons for this discrepancy are unclear. Endothelial 
dysfunction certainly is treated at later stages in patients than in experimental 
hypertension. Alternatively, duration of therapy and differences in tissue selectiv- 
ity may be important. Indeed, in normal subjects, ACE inhibitors with high tis- 
sue selectivity such as quinaprilat have vascular effects, which are not shared by 
enalapril (Hornig et al. 1998; Haefeli et al. 1997). In patients with coronary artery 
disease, treatment with quinapril for 6 months improved endothelium-depen- 
dent vasomotion to acetylcholine in epicardial coronary arteries (Mancini et al. 
1996) and in part in the coronary microcirculation (Schlaifer et al. 1997). 
Quinaprilat also improves flow-dependent dilation in congestive heart failure 
(CHE) as the result of increased availability of NO, whereas enalaprilat does not 
(Hornig et al. 1998). 

The mechanisms involved may be related to inhibition of angiotensin forma- 
tion and/or stimulation of the L-arginine/NO pathway. Many studies have docu- 
mented the existence of a kallikrein-kinin system in myocardial and vascular 
tissue (Linz et al. 1995; Scholkens 1996; Zhang et al. 1997a). The antihyperten- 
sive and cardioprotective effect of ACE inhibitors has been explained in part as 
a consequence of diminished kinin degradation, resulting in the increase of en- 
dothelial NO production (Fig. 1) (Zhang et al. 1999; Blais et al. 2001). Indeed, 
studies of recombinant full-length ACE have shown that the Km of ACE for bra- 
dykinin is substantially lower than for angiotensin I, reflecting a greater affinity 
for metabolism of bradykinin than for the production of angiotensin II (Jaspard 
et al. 1993). ACE is the major enzyme responsible for the metabolism of brady- 
kinin, the exact percentage varying according to the tissue and species being 
evaluated (Blais et al. 1997). In endothelium and cardiac tissues, ACE is the ma- 
jor enzyme involved in the degradation of bradykinin, regardless of species. The 
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other enzymes involved in the metabolism of bradykinin include carboxypepti- 
dases, neutral endopeptidases and aminopeptidase P. ACE is also a major meta- 
bolic pathway for the degradation of one of the metabolites of bradykinin, des- 
arg^-bradykinin, which in certain situations where its receptors are expressed 
(inflammatory situations), the Bi receptor can have the same effects as bradyki- 
nin (Blais et al. 2001). 

2 

Clinical Effects of ACE Inhibitors 

ACE inhibitors decrease systemic vascular resistance without increasing heart 
rate and promote natriuresis. The favorable effect of ACE inhibition has been 
documented in many large randomized trials in hypertension (Cheung and Lau 
1999; Hansson et al. 1999), after myocardial infarction (GISSI-3 1994; Pfeffer et 
al. 1992; Ambrosioni et al. 1995; Swedberg et al. 1992) and in CHE (Yusuf et al. 
1992). More recently, they have been shown to decrease clinical events in high- 
risk patients with atherosclerosis with and without ventricular dysfunction, pri- 
or to and after myocardial infarction (AIRE 1993; Kober et al. 1995; Yusuf et al. 
2000). Moreover, the HOPE study confirmed that ACE inhibitors are vascular 
protective independent of their effects on blood pressure and ventricular re- 
modeling (Yusuf et al. 2000). 

The clinical effect of ACE inhibitors in the treatment of hypertension and 
CHE underlines the importance of neurohumoral blockade. Since the introduc- 
tion of captopril in 1975, many long-acting molecules have been developed. How- 
ever, in spite of their clinical efficacy, a substantial number of hypertensives are 
not adequately controlled with ACE inhibitors and require combination therapy 
with diuretics, beta-blockers and/or calcium antagonists. Furthermore, clinical 
studies in early stages of CHE demonstrated that ACE inhibitors (Richardson et 
al. 1987) are less effective in patients with high levels of ANP adrenaline and re- 
nin activity (Remes et al. 1991; Bayliss et al. 1986). Also, morbidity and mortality 
remains high in patients with CHE on ACE. Thus, the development of new drugs 
that act on the other neurohumoral systems than the RAAS may be advanta- 
geous. 

3 

Natriuretic Peptides 

The family of natriuretic peptides consists of three forms, i.e., ANP, BNP and 
CNR Both ANP and BNP are synthesized in the atrium of the heart under phys- 
iological conditions and in the ventricles (BNP) in the presence of ventricular 
hypertrophy, and in endothelial cells (CNP). BNP is a cardiac neurohormone 
specifically secreted from the cardiac ventricles as a response to ventricular vol- 
ume expansion, pressure overload, and resultant increased wall tension. Mea- 
surement of BNP appears to be a particularly attractive parameter for diagnostic 
and prognostic evaluation of patients with CHE. Recent reports have determined 
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Table 1 Natriuretic peptides have contrasting biological effects to angiotensin II 
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the role of BNP in the evaluation of acute dyspnea, in the emergency diagnosis 
of CHF and have defined BNP as a marker of risk stratification in CHF and 
acute coronary syndromes (Berger et al. 2002; Maisel et al. 2002; McCullough et 
al. 2002; Sabatine et al. 2002). 

Natriuretic peptides, in addition to their diagnostic and prognostic value, ap- 
pear as an intriguing target for pharmacological intervention in CHF. ANP infu- 
sion reduces blood pressure while increasing urine volume and urinary excre- 
tion of sodium; cyclic GMP inhibits renin and aldosterone secretion (Burnett 
et al. 1984; Janssen et al. 1989) and increases the hypotensive effect of BNP 
(Seymour et al. 1995). Moreover, ANP inhibits endothelin production and pro- 
liferation of vascular smooth cells and myocardial hypertrophy, and ANP has 
been shown to have significant sympatholytic effects as well (Azevedo et al. 
2000). Because of its biological effect as an antagonist to angiotensin II, ANP is 
an endogenous inhibitor of the RAAS (Johnston et al. 1989) (Table 1). ANP and 
BNP production in the myocardium is induced by increased atrial pressure, as 
may occur with increased sodium intake and by decreased left ventricle function 
(systolic and diastolic left ventricular dysfunction) (Struthers 1994; Lang et al. 
1994). 

A hallmark of ventricular remodeling secondary to heart failure or left ven- 
tricular hypertrophy is the increase in plasma ANP and BNP (Burnett et al. 
1986). Although the increased circulating natriuretic peptides may prevent wa- 
ter and sodium retention, progressive CHF is associated with a relative decrease 
in ANP production in association with an escape phenomenon of the RAAS, 
leading to increased water and sodium retention. 

Circulating ANP BNP and CNP are quickly metabolized and inactivated by 
the specific enzyme, the widely located neutral endopeptidases (Fig. 1) as well 
as by cell-surface clearance receptor. The short half-life of the natriuretic pep- 
tides as well as the difficulty of administering and cost of producing a peptide 
limit the option of an exogenous application of the peptide as a possible thera- 
peutic strategy. It should be noted that BNP has emerged as an efficacious intra- 
venous agent for the treatment of CHF (Colucci et al. 2000). Therefore, pharma- 
cological inhibition of the metabolism of natriuretic peptides is an attractive al- 
ternative therapeutic target. 
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4 

Neutral Endopeptidases 

Neutral endopeptidase (NEP) is an endothelial, membrane-bound metallopepti- 
dase with zinc at its active site that cleaves endogenous peptides at the amino 
side of hydrophilic residues (Margulies et al. 1995) (Fig. 1). The membrane- 
bound metalloproteinase has a similar catalytic unit to ACE. NEP is widely dis- 
tributed in endothelial, smooth muscle cells, cardiac myocytes, renal epithelial 
cells and fibroblasts (Erdos and Skidgel 1989; Graf et al. 1995; Dussaule et al. 
1993). NEP is also found in the lung, gut, adrenal, brain, and heart. It catalyzes 
the degradation of vasodilator peptides, including ANP, BNP, CNP, substance P, 
and bradykinin as well as vasoconstrictor peptides, including endothelin-1 and 
angiotensin II (Stephenson and Kenny 1987; Lang et al. 1992; Kenny et al. 1993; 
Skidgel et al. 1984; Erdos and Skidgel 1989). Recently it was shown that the po- 
tent vasodilating and natriuretic peptide adrenomedullin is also a substrate for 
NEP (Lisy et al. 1998). 

Selective NEP inhibitors prevent the degradation of natriuretic peptides in 
vitro and in vivo and increase their biological activity. In addition to degrading 
vasoactive peptides to inactive products, NEP is also involved in the enzymatic 
conversion of big endothelin to its active form, the vasoconstrictor peptide en- 
dothelin-1. Hence, the balance of NEP inhibition effects on vascular tone will 
depend on whether the predominant substrates degraded are vasodilators or 
vasoconstrictors and on the extent of NEP involvement in the processing of big 
endothelin-1 (Murphy et al. 1994) (Fig. 1). Indeed, in the human forearm circu- 
lation, certain NEP inhibitors cause vasoconstriction rather than vasodilatation, 
indicating that vasoconstrictor peptides such as angiotensin II and endothelin-1 
can be substrates for NEP (Ferro et al. 1998). This explains why NEP inhibitors 
such as candoxatril, thiorphan and phosphoramidon increase circulating ANP 
concentrations in humans and induce natriuresis (Fig. 2), but do not lower 
(Murphy et al. 1994; Danilewicz et al. 1989; Gros et al. 1989; Schwartz et al. 1990; 
Northridge et al. 1989; Richards et al. 1991; Bevan et al. 1992; O’Connell et al. 
1993) or even increase blood pressure in normotensive subjects (Ando et al. 
1995). In essential hypertension, certain NEP inhibitors lower blood pressure 
(Richards et al. 1993a; Ogihara et al. 1994; Fettner et al. 1995), whereas others 
increase it (Bevan et al. 1992; Singer et al. 1991). Chronic treatment with NEP 
inhibitors augments the effects of ANP and lowers blood pressure in hyperten- 
sion. However, the antihypertensive effects may be offset by an increased activi- 
ty of the RAAS and sympathetic nervous system and/or by down-regulation of 
ANP receptors. The blood pressure response to endopeptidase inhibition in hy- 
pertension depends on the relative effects on vasodilator (including ANP) and 
vasoconstrictor (including the RAAS and sympathetic) systems (Richards et al. 
1993b). 

NEP is also involved in the metabolism of kinins. In most tissues, NEP ac- 
counts for only a small portion of the metabolism of kinins, but in human car- 
diac tissue, NEP accounts for nearly half of the metabolism of bradykinin (Blais 
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Cardiovascular System 



Fig. 2 Cardiovascular regulation by the sympathetic nervous system {SNS), the renin angiotensin aldo- 
sterone system (RAAS), atrial natriuretic peptide {ANP) and local mediators ET-1, endothelin; CNP, C-type 
natriuretic peptide; AT II, angiotensin II 



et al. 2000). However, when ACE is inhibited, NEP becomes a major pathway for 
bradykinin metabolism. In experimental studies, the reduction of ischemia and 
reperfusion damage after NEP inhibition is kinin mediated (Zhang et al. 1998). 
Interestingly, in hypertension the selective NEP inhibitor candoxatril led only to 
minimal blood pressure reduction, whereas combination with an ACE inhibitor 
caused a marked decrease in blood pressure (Richards et al. 1993b). 

Accordingly, in patients with CHF NEP inhibitors do not reduce afterload, al- 
though they do reduce pulmonary capillary wedge pressure, presumably due to 
their natriuretic effect and vasodilating properties (Kahn et al. 1990; Northridge 
et al. 1989). In moderate to severe CHF, acute NEP inhibition induces dose-de- 
pendent diuresis (Good et al. 1995), while chronic treatment does not provide 
this benefit. In dogs with evolving CHF, long-term NEP inhibition causes mod- 
est improvement in sodium excretion and enhances the renal response to exog- 
enous ANP, suggesting up-regulation of NEP in CHF. Thus, the enzymatic deg- 
radation by NEP limits renal responses to increased ANP in chronic CHF inde- 
pendently of changes in systemic hemodynamic and augmented plasma concen- 
trations of ANP (Margulies et al. 1995). Other possible explanations for the in- 
sufficiency of NEP inhibitors in CHF are tolerance to ANP, most likely due to 
down-regulation of ANP receptors and/or activation of the RAAS. 
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5 

Combined ACE and NEP Inhibition 

In many cardiovascular diseases, an array of regulatory mechanisms is involved, 
making drugs with multiple modes of action promising. The philosophy behind 
combined ACE and NEP inhibition is to simultaneously suppress a harmful neu- 
rohumoral system, the renin-angiotensin-aldosterone system, while augmenting 
a beneficial one (the NP system). As ACE inhibition leads to normalization of 
the physiological effect of ANP (Perrella et al. 1991; Margulies et al. 1991) and 
NEP inhibitors lower blood pressure more effectively in salt- and volume-de- 
pendent than in renin-dependent forms of hypertension (Pham et al. 1993), the 
combination of ACE and NEP inhibition may be especially useful in hyperten- 
sion and CHE. 

Indeed, in hypertension and CHE the hemodynamic and renal effect achieved 
after simultaneous inhibition of ACE and NEP is more pronounced than after 
selective inhibition (Trippodo et al. 1995b; Pink et al. 1996; Pournie-Zaluski et 
al. 1996; Gonzalez et al. 1996). 

The synergistic effect of combined NEP and ACE inhibition is based on simi- 
lar modes of action (Pig. 1), including blockade of angiotensin synthesis, simul- 
taneous unmasking and potentiation of the effects of peptides, such as ANP 
BNP and bradykinin (by preventing their degradation), and in turn inducing va- 
sodilatation, diuresis and improving myocardial function. The earliest dual met- 
alloprotease inhibitors had limitations because of low potency, short duration 
of action, or limited oral bioavailability (Seymour et al. 1991; Gros et al. 1991; 
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Fig. 3 Dual vasopeptidase inhibitors. In animal models, the various molecules display different selective 
inhibitory activity against NEP and ACE. Dual metalloproteinase inhibitors are more potent in hyperten- 
sion or treatment of CHE than selective inhibition of ACE or NEP alone 
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Gonzalez Vera et al. 1995; Fournie-Zaluski et al. 1996). The new vasopeptidase 
inhibitors (Fig. 3) exhibit a long-lasting and potent effect in the cardiovascular 
system. 

6 

ACE/NEP Inhibition in Experimental Models of Hypertension 

Coinhibition of ACE and NEP was expected to lower blood pressure in a broader 
range of conditions than inhibition of ACE or NEP alone, independent of the ac- 
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Fig. 4A-C Effects of omapatrilat or captopril on aortic eNOS expression (A), endothelium-dependent 
relaxations to acetylcholine (B) and plasma levels of ANP (C) in salt-sensitive hypertensive Dahl rats. 
While both drugs similarly increased eNOS, only omapatrilat elevated ANP and normalized endotheli- 
um-dependent relaxations. Results are shown as mean±SEM. *p<0.05 vs control rats and vs treatment 
groups, t p<0.05 vs control, f p<0.05 vs salt-treated group. # p<0.05 vs salt-plus-omapatrilat (Omap) 
group. Capt, captopril 
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tivity of the RAAS or the degree of salt retention (Fournie-Zaluski et al. 1994; 
Seymour et al. 1996). Indeed, in an animal model of diabetes and hypertension 
treatment with a dual NEP/ACE inhibitor, lowered blood pressure and attenuat- 
ed cardiac hypertrophy together with a reduction in albuminuria, featuring both 
angiotensin-dependent vasoconstriction and salt retention were reported 
(Tikkanen et al. 1998). Interestingly, omapatrilat — a potent oral dual NEP/ACE 
inhibitor — induced long-lasting, hypotensive effects in low-, normal-, and high- 
renin models of hypertension greater than those elicited by selective inhibition 
of either enzyme alone. Thus, combined NEP/ACE inhibition may be an effec- 
tive and broad-spectrum antihypertensive principle (Trippodo et al. 1998). 

Omapatrilat administered once daily to spontaneously hypertensive rats on 
low sodium (high-renin model of hypertension) or deoxycorticosterone acetate 
salt hypertensive rats (low-renin model) markedly reduced blood pressure up to 
24 h (Trippodo et al. 1998). In stroke-prone spontaneously hypertensive rats, a 
model of malignant hypertension, chronic treatment with omapatrilat decreases 
systolic blood pressure, while endothelium-dependent relaxation of resistance 
arteries improved. Media width and media/lumen ratio decreased and lumen di- 
ameter tended to increase, while vascular stiffness was unaltered, suggesting 
that omapatrilat improves structure and endothelial function of resistance arte- 
ries in this model (Intengan and Schiffrin 2000). Similar observations were 
made in salt-induced hypertension of the rat where omapatrilat was more effec- 
tive in reversing structural changes and endothelial dysfunction than captopril 
(D’uscio et al. 2001). In the aorta of the same model, both omapatrilat and cap- 
topril similarly increased eNOS expression, while only omapatrilat increased 
ANF levels and normalized endothelium-dependent relaxations to acetylcholine 
(Fig. 4) (Quaschning et al. 2001; D’Uscio et al. 2001). 

7 

ACE/NEP Inhibition in Hypertension 

In normotensive patients, oral administration of omapatrilat leads to long-last- 
ing (>24 h) and dose-dependent ACE inhibition and increases in urinary ANP 
levels (Liao et al. 1997; Vesterqvist et al. 1997). In a randomized, double-blind, 
placebo-controlled study on 36 normotensive patients, omapatrilat potently low- 
ered blood pressure in a dose-dependent manner. The peak effect was registered 
in the first 3-8 h and was sustained for 24 h (Liao et al. 1999). Comparison with 
other antihypertensive drugs such as lisinopril, losartan and amlodipine re- 
vealed more pronounced antihypertensive effects of omapatrilat, particularly in 
the systolic range (Fig. 5) (Ruilope et al. 2000; Asmar et al. 2000). The pro- 
nounced effects of omapatrilat on systolic pressure are intriguing and suggest 
that large artery compliance and structure may be favorably affected. As systolic 
hypertension is difficult to treat, these new drugs may address unmet needs in 
the management of hypertension. 

In patients with systolic hypertension, a 12-week double-blind, randomized 
clinical trial that compared monotherapy with the ACE inhibitor enalapril 40 mg 
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Fig. 5 Comparison of the antihypertensive effect of omapatrilat vs lisinopril or amlodipine. At 10 weeks, 
omapatrilat 80 mg had produced greater reductions in ambulatory blood pressure parameter than did 
lisinopril 40 mg (upper panel) or amlodipine 10 mg (lower panel) 



daily (n=S7) vs omapatrilat 80 mg daily (n=S0) revealed a greater reduction in 
pulse pressure (peripheral pulse pressure, -8.2±12.2 mmHg vs -4.0±12.2 mmHg, 
and central pulse pressure -10.2±16.2 mmHg vs -3.2±16.9 mmHg) and charac- 
teristic aortic impedance in hypertensive subjects when compared with enalapril. 
These results suggest that aortic stiffness is maintained by specific, partially re- 
versible mechanisms and underscore a potential role for pharmacological modu- 
lation of natriuretic peptides in the treatment of hypertension (Mitchell et al. 
2002). Increased pulse pressure, an indicator of conduit vessel stiffness, is a 
strong independent predictor of cardiovascular events in hypertensive cohorts, 
which suggests that reduction of conduit vessel stiffness may be desirable in hy- 
pertension. 

More recently, the OCTAVE (Omapatrilat Cardiovascular Treatment Assess- 
ment vs Enalapril) trial that enrolled 25,000 untreated or poorly controlled hy- 
pertensive patients and compared force titration of omapatrilat from 10 mg to 
20 mg (with elective up-titration up to 80 mg) has been reported. The study in- 
cluded patients initiating therapy, replacing current therapy or adding on thera- 
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py to other antihypertensive drugs. The study was designed to allow physicians 
to electively increase dosage of omapatrilat or add other antihypertensive thera- 
pies as needed to control blood pressure. The study design allowed for the pos- 
sibility that both treatment groups would yield equivalent blood pressure results 
at the end of the trial. Omapatrilat was more effective in reducing blood pres- 
sure. Despite more frequent increases in dosage and addition of other antihy- 
pertensive therapy in the enalapril group, omapatrilat resulted in consistently 
greater systolic blood pressure reductions (average of 3 mmHg whether alone or 
in combination with existing antihypertensive therapies). Consistently, the pro- 
portion of patients who reached blood pressure goals of less than 140 mmHg 
systolic and under 90 mmHg diastolic was about nine percentage points higher 
with omapatrilat than enalapril. Greater systolic blood pressure reduction was 
also consistently observed across a broad range of patient types, including those 
with diabetes, renal failure, severe hypertension, isolated systolic hypertension, 
and prior coronary or cerebrovascular events. 

The beneficial effect of omapatrilat in reducing blood pressure was, however, 
counterbalanced by a higher incidence of angioedema. More than half of all cas- 
es of angioedema required no treatment or treatment with antihistamines only 
(1.28% with omapatrilat and 0.52% with enalapril). Severe cases, in which pa- 
tients had to be treated with epinephrine or steroids, were 0.89% with omapatri- 
lat and 0.17% with enalapril. Two cases of airway compromise occurred, both in 
omapatrilat-treated patients. One of these patients experienced an anaphylactic 
reaction that responded to treatment with epinephrine and did not require me- 
chanical ventilation, whereas the other patient required mechanical airway pro- 
tection prior to resolution. All patients with angioedema fully recovered. The 
overall incidence over 24 weeks was 2.17% with omapatrilat and 0.68% with 
enalapril. With both drugs, the risk of developing angioedema was higher in 
black patients (5.54% with omapatrilat and 1.62% with enalapril) than in non- 
black patients (1.78% with omapatrilat versus 0.55% with enalapril). 

Sampatrilat, another ACE/NEP inhibitor, has been tested in hypertensive pa- 
tients. Increasing dosages of sampatrilat (50, 100, 200 mg) administered for 
10 days lowered clinical and ambulatory blood pressure, with a trend toward a 
dose response for systolic ambulatory blood pressure. Sampatrilat inhibited 
plasma ACE in a dose-dependent fashion but less so than lisinopril (20 mg dai- 
ly) (Wallis et al. 1998). Lisinopril but not sampatrilat increased plasma renin ac- 
tivity, whereas sampatrilat but not lisinopril increased urinary cGMP excretion. 
A study performed in 58 black hypertensive subjects, known to be poorly re- 
sponsive to ACE monotherapy, confirmed these results (Norton et al. 1999). 

Fasidotril, the third combined ACE/NEP inhibitor reaching the clinical level 
has also been proven to efficiently reduce blood pressure in humans (Laurent et 
al. 2000). 
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8 

ACE/NEP Inhibition in Experimental Models of Congestive Heart Failure 

In cardiomyopathic hamsters with CHF, acute administration of omapatrilat re- 
duces left ventricular systolic and end-diastolic pressure (Trippodo et al. 
1995b). These changes were associated with a 40% increase in cardiac output, a 
47% decrease in peripheral vascular resistance, and were significantly greater af- 
ter administration of omapatrilat compared to SQ-28603 (a selective NEP inhib- 
itor) or the ACE inhibitor enalapril (Trippodo et al. 1995a). In cardiomyopathic 
hamsters, chronic vasopeptidase inhibition with omapatrilat improves cardiac 
geometry and survival more than captopril (Trippodo et al. 1999). 

In an experimental canine model of CHF, omapatrilat was superior to ACE 
inhibition alone in inducing an increase in sodium excretion and glomerular fil- 
tration rate in addition to a greater decrease in pulmonary capillary wedge pres- 
sure (Chen et al. 2001). Most importantly, these cardiorenal actions were 
markedly attenuated by a natriuretic peptide receptor antagonist, underscoring 
that the endogenous natriuretic peptides in part mediate the actions of omapa- 
trilat. 

9 

ACE/NEP Inhibition in Congestive Heart Failure 

In 48 patients with CHF (NYHA Class II-IV), treatment with omapatrilat for 
3 months reduced afterload, improved cardiac function and in turn clinical sta- 
tus. Ejection fraction increased from 24% to 28%, while myocardial wall stress 
and heart rate decreased. Moreover, natriuresis increased and norepinephrine 
levels decreased (McClean et al. 2000). In a randomized, double-blind study in 
369 patients with CHF, omapatrilat decreased blood pressure in a dose-depen- 
dent manner, increased left ventricular function and reduced pulmonary capil- 
lary wedge pressure. Plasma BNP, an important prognostic factor if increased, 
was lower after 12 weeks of treatment with 40 mg daily and was reflected by a 
reduced incidence of death and hospitalization for CHF (Ikram et al. 1999). 

In the IMPRESS (Inhibition of Metalloproteinase in a Randomized Exercise 
and Symptoms Study in Heart Failure) trial, 573 patients with CHF (63% NYHA 
II and 37% NYHA III/IV) were randomized to either omapatrilat (40 mg daily) 
or lisinopril (20 mg daily) (Rouleau et al. 2000). After 12 weeks exercise, toler- 
ance similarly increased in both groups. However, omapatrilat led to a better 
clinical status and lower incidence of the combined mortality/morbidity end- 
point (i.e., hospitalization and discontinuation of study medication for worsen- 
ing heart failure) compared to lisinopril (Fig. 6). Both drugs were well tolerated, 
but serious adverse events and marked elevations of creatinine were less fre- 
quent with omapatrilat. Omapatrilat increased ANP and resulted in lower plas- 
ma norepinephrine levels than lisinopril. It also did not increase endothelin-1 
levels, suggesting that the combined effects of ACE inhibition and NEP inhibi- 
tion prevented the rise of endothelin-1 in this setting. In the postinfarction rat 
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Fig. 6 In the IMPRESS study, omapatrilat 80 mg in CHF was more effective on composite end-points 
(i.e., death, admission or discontinuation of the treatment because of worsening CHF) than lisinopril 
20 mg 



model omapatrilat prevented the expected rise in endothelin-1 (unpublished 
data). In the IMPRESS study, omapatrilat also had a positive influence on con- 
duit vessel stiffness as compared with lisinopril, reducing pulsatile load on the 
heart without compromising a potentially tenuous mean arterial pressure 
(Mitchell et al. 1999). 

More recently, omapatrilat was compared with enalapril in patients with CHF 
in the OVERTURE trial (Omapatrilat Versus Enalapril Randomized Trial of Util- 
ity in Reducing Events). This study enrolled 5,770 patients in NYHA class II-IV, 
who were randomly assigned to double-blind treatment with either enalapril 
(10 mg b.i.d., n=2,884) or omapatrilat (40 mg once daily, n=2,886) for a mean of 
14.5 months. The primary end-point — the combined risk of death or hospital- 
ization for heart failure requiring intravenous treatment — was used prospective- 
ly to test both a superiority and noninferiority hypothesis (based on the effect 
of enalapril in the Study of Left Ventricular Dysfunction (SOLVD) Treatment 
Trial. A primary end-point was achieved in 973 patients in the enalapril group 
and in 914 patients in the omapatrilat group, fulfilling the criteria for noninferi- 
ority but not for superiority. The omapatrilat group had a 9% lower risk of car- 
diovascular death or hospitalization (p=0.024) and a 6% lower risk of death 
(p=0.34). Post hoc analysis of the primary end-point with the definition used in 
the SOLVD Treatment Trial (which included all hospitalization for HE) showed 
an 11% lower risk in patients treated with omapatrilat. Angioedema was report- 
ed in 24 (0.8%) omapatrilat-treated and 14 (0.5%) enalapril-treated patients, of 
whom three (two on enalapril and one on omapatrilat) required hospitalization 
for management: none required intubation or died. In a similar number of pa- 
tients, the medication was withdrawn because of an adverse event (in 17.9% of 
omapatrilat group and in 17.0% of the enalapril group). Thus, in this large trial, 
omapatrilat reduced morbidity and mortality of patients with moderate to se- 
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vere CHF but was not more effective than ACE inhibition alone in decreasing 
the risk of a primary clinical event. 

10 

Vasopeptidase Inhibition and Angioedema 

Angioedema is a serious and potentially fatal complication of ACE inhibitors, 
which is relatively rare in the general population but more common amongst 
blacks and Afro-Caribbeans (Gibbs et al. 1999). ACE inhibitor-induced angio- 
edema occurs with an incidence of 0.1%-0.5% (Warner et al. 2000). Less than 
20% of angioedema attacks are potentially life-threatening (i.e., affecting the lar- 
ynx or the upper respiratory tract), but may reach 50% among patients with he- 
reditary angioedema (Agostoni et al. 1999). Surprisingly, angiotensin II receptor 
antagonists also have an increased risk of angioedema, particularly in patients 
with a prior episode of angioedema attributed to ACE inhibitors (Warner et al. 
2000). 

Symptoms of angioedema range from mild gastrointestinal disturbance (i.e., 
colic, nausea, vomiting, and diarrhea) to severe dyspnea due to larynx edema. 
The mechanism remains unclear, but bradykinin and its metabolite des-arg^- 
bradykinin have been implicated in ACE-induced angioedema (Blais et al. 
1999). Plasma bradykinin concentrations can rise more than tenfold during 
acute attacks of angioedema associated with ACE inhibitor therapy (Nussberger 
et al. 1998). Recently an enzyme defect involved in the des-arg9-bradykinin me- 
tabolism, aminopeptidase P, leading to bradykinin and to an even greater extent 
to des-arg^-bradykinin accumulation, was reported (Blais et al. 1999). 

Vasopeptidase inhibitors acting simultaneously on two enzymes that inacti- 
vate bradykinin, i.e., ACE and NEP, may increase the risk of angioedema. Com- 
pany statements refer to a rate of angioedema associated with omapatrilat simi- 
lar to that reported for ACE inhibitors. However, in data submitted to the New 
Drug Application, the incidence of angioedema was more than three times 
as common when the starting dose was 20 mg or more than it was with lower 
doses, which suggests a pharmacodynamic rather than allergic effect (Messerli 
and Nussberger 2000). In this report, 44 instances of angioedema occurred 
among more than 6,000 patients, and four cases were severe enough to require 
intubation. A possible explanation for the relatively high incidence could be 
that the omapatrilat trial program included significant numbers of Afro-Ameri- 
cans known to have a higher rate of angioedema compared to Caucasians. Re- 
cent clinical trials that were supposed to clarify this important issue have given 
controversial results. The OCTAVE trial investigated in 25,000 untreated or 
poorly controlled hypertensive cases and showed that force titration of omapa- 
trilat from 10 mg to 20 mg (with elective up- titration up to 80 mg) is associated 
with a higher incidence of angioedema than enalapril. On the other hand, the 
OVERTURE trial, enrolling 5,770 patients with moderate to severe CHF showed 
that enalapril (10 mg b.i.d.) and omapatrilat (40 mg once daily) revealed similar 
incidence and severity of angioedema (0.5% and 0.8%, respectively). The dis- 




NEP/ACE Inhibitors: Experimental and Clinical Aspects 535 



crepancy between these two trials could be explained through a possible resis- 
tance to the ability of bradykinin to produce cutaneous exudation in patients 
with CHF. 

11 

Conclusion 

Vasopeptidase inhibitors are a promising new class of drugs. Additional ade- 
quately powered mortality/morbidity trials with combined ACE/NEP inhibitors 
in CHF and in isolated systolic hypertension (OPERA, The Omapatrilat in Per- 
sons with Enhanced Risk of Atherosclerotic events trial) are still underway. The 
role of ACE/NEP inhibitors in atherosclerosis is also to be defined. These trials 
will provide the definite answer whether this class of drugs confers clinical ad- 
vantage over ACE inhibition alone, particularly in view of the reports of in- 
creased rate of angioedema. These side effects are of great clinical concern and 
question whether the encouraging experimental results obtained with vasopepti- 
dase inhibitors will translate into long-term clinical benefit. 
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Abstract This chapter provides an overview of clinical evidence for angiotensin 
converting enzyme inhibitors (ACEi) and angiotensin II receptor blockers 
(ARBs or A2As). Only those data are presented which are relevant and fulfill the 
criteria of evidence-based medicine. The chapter is a snapshot of the current ev- 
idence as many trials are still ongoing. Given that the RAS is a ubiquitous sys- 
tem, it is conceivable that both drug classes are interacting with many organs. 
Evidence for treatment and prevention of cardiovascular (myocardial infarction, 
congestive heart failure) and cerebrovascular diseases (stroke), diabetes melli- 
tus, and glomerular renal disease is extensively described. The position of both 
drug classes in relation to each other as well as in relation to other drug classes 
has been clarified for many indications. The clinical development of both sub- 
stance classes was interesting: ARBs had a worse starting position because they 
entered the market later than ACE inhibitors. Unequivocal proof of efficacy 
could be shown with ACE inhibitors in placebo-controlled trials for the major 
indications. Thereafter, those indications were occupied by ACE inhibitors; rep- 
etition of placebo-controlled studies with ARBs was ethically unconscionable. 
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These major indications were almost lost for ARBs. Strenuous head-to-head 
comparisons with the aim to demonstrate at least non-inferiority were done; 
add-on trials were performed, or studies in patients intolerant to ACE in- 
hibitors. As major indications were difficult to develop with ARBs, a fruitful 
evolution has focused on the more minor indications such as nephropathy. ACE 
inhibitors and ARBs are both suitable for first-line therapy of hypertension. In 
unconditional CHF, ACE inhibitors are the first-line therapy; ARBs are good in 
patients intolerant to ACE inhibitors, or may serve as add-on therapy to ACE 
inhibitors. In acute MI, ACE inhibitors are effective from the first day onwards, 
while no data exist for ARBs on day 30. In unselected patients after MI, ACE in- 
hibitors are effective, while no data exist for ARBs. In patients after MI with 
poor LV function, ACE inhibitors are effective and ARBs are at best equally ef- 
fective. In primary and secondary prevention of stroke, ACE inhibitors are ef- 
fective and ARBs are likely equally effective. In type 1 diabetic and nondiabetic 
nephropathy, ACE inhibitors have demonstrated efficacy; in type 2 diabetic 
nephropathy, ARBs were shown to be effective. Are ACE inhibitors and ARBs 
alike or not alike? Do the effects of ACE inhibitors on the bradykinin system 
play a significant clinical role? One puzzling observation was seen in several 
trials: myocardial infarctions and cardiovascular mortality were apparently not 
as much reduced with ARBs as with ACE inhibitors. This last mystery is ad- 
dressed in a prospective clinical trial — the ongoing ONTARGET trial — with 
about 30,000 patients randomized. 

Keywords Renin-angiotensin system • Angiotensin converting enzyme 
inhibitors • Angiotensin II receptor blockers • Angiotensin II • Bradykinin • 
Evidence-based medicine 

1 

Introduction 

The renin-angiotensin system has been extensively investigated under experi- 
mental conditions. Amongst the many options available for intervention within 
the renin-angiotensin cascade, a clinical breakthrough was finally achieved for 
two drug classes: 

1. Inhibitors of the angiotensin I converting enzyme (ACE inhibitors) 

2. Blockers of the angiotensin II receptor — mostly the ATI subtype (ATI re- 
ceptor blockers or A2As) 

The first ACE inhibitor to be introduced into the market was captopril in the 
early 1980s, while losartan as the first A2A was introduced only 15 years later, in 
1995. Regulatory approval was obtained largely on the basis of blood pressure 
data and the first indication granted for losartan was treatment of essential hy- 
pertension in those patients experiencing side effects (cough) with ACE in- 
hibitors. 
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Large-scale clinical trials were not available for quite some time after the in- 
troduction of ACE inhibitors and A2As. Meanwhile, however, clinical research 
has shifted from the measurement of surrogate markers such as blood pressure 
to evidence-based medicine (EBM), which essentially means the tally of relevant 
clinical events. The latter must consist — at least in part — of hard and irrevers- 
ible end points such as fatal and nonfatal myocardial infarction and stroke. 
Hard and special softer clinical end points (such as hospitalization for heart fail- 
ure) are the cornerstone of evidence-based medicine in cardiology. 

The debate continues as to whether A2As are superior or, at a minimum, are 
equal in their effect to other cardiovascular agents, in particular ACE inhibitors. 
That debate is a long-standing one. A2As interfere with the end-stage of a bio- 
logical cascade and block the generation of angiotensin II completely. ACE in- 
hibitors interact somewhat earlier along the renin-angiotensin cascade and may, 
unlike A2As, potentiate bradykinin and follow-up reactions. The clinical value 
of these experimental findings has not yet been fully explored. However, some 
A2As have been tested in head-to-head comparisons against ACE inhibitors and 
answers have been found to at least some of the long-standing questions. 

Still, the database is much broader for ACE inhibitors. They have been inves- 
tigated as a first-line treatment in patients with special forms of hypertension, 
those with chronic heart failure (CHE), those with a high cardiovascular risk, 
and as an add-on treatment in patients after myocardial infarction. As A2As 
came later, the environment in which they were tested was a difficult one. There 
is now evidence that A2As are effective as a first-line treatment of type 2 diabet- 
ic nephropathy and as an add-on treatment in chronic heart failure, and that 
they may prove similarly effective to ACE inhibitors in hypertensive patients 
with additional risk factors. Outcomes vary for the indications investigated and 
these will all be discussed separately. 

Many more large-scale trials are currently ongoing and new indications are 
under investigation. 

2 

Evidence from Large Interventional Trials 

In evidence-based medicine, only clinical outcomes are regarded as suitable end 
points. These are parameters reflecting mortality and morbidity. When testing 
new drugs, they can be investigated in three different standard situations: 

1. Initial, first-line therapy in comparison with placebo. This is possible for 
indications without an established therapy. As ACE inhibitors were present 
on the market earlier, it was possible to explore their effect, for example, in 
CHE (e.g., CONSENSUS). In contrast, A2As were investigated as first-line 
treatment in such left-over indications as type 2 diabetic nephropathy (e.g., 
IDNT). 

2. Add-on therapy in comparison with add-on placebo. This is mandatory in 
indications for which an established therapy already exists and for which 
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add-on therapy is the only ethical way to test new substances. Add-on ther- 
apy with the A2A valsartan was tested, for instance, in CHF (ValHeFT). 
Testing add-on therapy is similar to testing combination therapy, at least in 
populations in which a very high percentage is receiving standardized treat- 
ment at baseline. 

3. Head-to-head comparison with active drug. This is ethically permissible 
only if strong evidence of at least equal efficacy of a new therapy in com- 
parison with established therapy is probable. Such trials have been done in 
hypertensive patients with LVH (LIFE) or following acute myocardial in- 
farction (OPTIMAAL). 

Proof of the evidence in interventional trials often requires an enormous 
sample size, which may pose challenges both logistical and monetary in nature. 
The determinants for a sample size calculation are, most importantly, the de- 
sired and clinically relevant effect, and further include the alpha-error, the beta- 
error, and the variability. The number of patients needed may equal or exceed 
10,000 and they may require treatment over a long period of time, e.g., 4 years 
in a double-blinded randomized fashion. 

Even with such large sample sizes, these trials are usually planned with only 
one active dose of the investigational drug. In light of the tremendous resources 
required, dose-finding is not affordable. Furthermore, repetitions of interven- 
tional studies with other dosages of an active substance are difficult to conduct 
once a beneficial effect on mortality has already been shown with one active 
dose. Conversely, the choice of a wrong dose may also lead to the failure of an 
study eventually leading to a verdict against an otherwise effective drug. 

2.1 

Unselected and Special Patient Groups with Hypertension 

In former times, antihypertensive drugs were tested in trials in which hyperten- 
sive patients were included on the basis of their blood pressure values. They 
were not further selected with respect to additional risk factors such as diabetes 
mellitus. In these largely unselected hypertensive populations, active antihyper- 
tensive treatments (e.g., diuretics and beta-blockers) were frequently pooled for 
evaluation purposes in order to achieve sufficient statistical power against the 
placebo control (e.g., Australian Study, MRC Study, MRC-2 Study). The statisti- 
cal power, however, was insufficient to evaluate the individual contribution of 
the diuretics or the beta-blockers alone with regard to the event reduction. This 
fact merits mention because diuretics and beta-blockers are acclaimed as gold 
standards even though the evidence cited, at least in the case of beta-blockers, is 
not at all that strong, claimed as it usually is on the basis of findings in unselect- 
ed hypertensive patients. Furthermore, there are no flawless studies available in- 
vestigating newer drug classes in populations that have no other risk factors. 

Meanwhile, a different means than poding is being used to achieve sufficient 
statistical power: only those hypertensive patients are randomized who have ad- 
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ditional risk factors and thus exhibit a higher cardiovascular risk. The likeli- 
hood that more events will occur is greater. Fewer patients are needed for re- 
cruitment and/or the observation period can be shortened. 

The major studies with A2As in these “enriched” hypertensive populations — 
some of which are still ongoing — are: 

1. LIFE study in patients with left ventricular hypertrophy 

2. SCOPE study in patients of advanced age of 70-89 years with mild hyper- 
tension 

3. VALUE study in patients with at least one additional risk factor (study is 
still ongoing) 

ACE inhibitors have not been well investigated in outcome trials with hyper- 
tensive patients. Limited evidence in hypertensive patients was provided in the 
following studies, the conduct and outcomes of which were more or less con- 
vincing: 

- CAPPP study 

- CAPPP study in diabetic patients (preplanned subgroup analysis) 

- UKPDS-39 study in diabetic patients 

- ABCD study in diabetic patients 

- FACET study in diabetic patients 

- STOP-2 study in patients of advanced age 

- AASK study in patients of Afro-American descent 

- ALLHAT study 

The focus of the development of ACE inhibitors, however, was centered on 
patients with CHF, postmyocardial infarction, or with increased cardiovascular 
risk (see following sections). 



2.1.1 

LIFE 

The LIFE Study is the only head-to-head comparison of an A2A with another 
drug in hypertensive patients. It showed a better outcome with losartan than 
with atenolol (Dahlof et al. 2002). The study randomized 9,194 patients with hy- 
pertension and left-ventricular hypertrophy to losartan or atenolol. A forced ti- 
tration was performed with both drugs to achieve target blood pressures of 
<140/<90 mmHg. The primary end point was a composite of cardiovascular 
mortality, MI, or stroke. Mean doses for losartan were 82 mg, and for atenolol, 
79 mg. Blood pressure effects were identical in both groups. However, after a 
mean follow-up of 4.8 years, losartan was significantly better than atenolol with 
respect to the primary end point (508 events in 4,606 patients with losartan vs 
588/4,588 with atenolol; adjusted RR, -13%; p=0.021). In the prospectively de- 
fined stratum of 1,195 diabetic patients (Lindholm et al. 2002b), the risk reduc- 
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tion was even more pronounced (RR, -24%, p=0.031). In the LIFE study, the 
benefit of losartan over atenolol was largely carried by a reduction in stroke 
(10.8 vs. 14.5 per 1,000 patient years follow-up) but not by a reduction in myo- 
cardial infarction (9.2 vs 8.7 per 1,000 patients years follow-up). 

Furthermore, losartan was compared to a beta-blocker the clinical benefit of 
which had not in fact been proven. The only outcome study with atenolol is the 
MRC study in elderly patients. In the MRC Study, 4,396 elderly patients were 
randomized to daily doses of atenolol 50 mg or HCT 25 mg or placebo (Medical 
Research Council Working Party 1992). Actively treated subjects (diuretic and 
beta-blocker groups combined) showed a 25% reduction in stroke and a 19% 
reduction in coronary events. The diuretic group showed a significantly reduced 
risk of stroke (-31%) and of cardiovascular events (-44%) compared with the 
placebo group. The atenolol group did not show significant reductions in these 
end points, i.e., the evidence for beneficial effects of atenolol has not in fact 
been proven. 



2.1.2 

SCOPE 

In the placebo-controlled SCOPE study (Study on Cognition and Prognosis in 
the Elderly), candesartan cilexetil was investigated in 4,964 elderly patients aged 
70-79 with mild hypertension (SBP, 160-179 or DBP, 90-99 mmHg). Candesar- 
tan was given in doses of 8 mg, doubled to 16 mg after 3 months where BP re- 
sponse was insufficient. After 4 years of treatment, candesartan had not reduced 
the risk of major cardiovascular events, which was the primary end point 
(-11%; p=0.19). However, it did significantly reduce the risk of nonfatal strokes, 
which was a secondary end point (-28%; p==0.041) in these patients. SCOPE 
was the first outcome study in this particular population (Hansson et al. 
1999c, 2000; Sever 2002). Previous placebo-controlled trials involved elderly 
patients with higher blood pressures, for example, the STOP-Hypertension 
study (Hansson et al. 1990). 



2 . 1.3 

VALUE 

The double-blind, randomized prospective, parallel group VALUE trial is ongo- 
ing. The effects of valsartan on the reduction of cardiac morbidity and mortality 
are compared to those of amlodipine. Patients with essential hypertension, aged 
50 years and older, and at a particularly high risk of coronary events were en- 
rolled. A total of 18,119 patients were screened and 15,314 patients in 31 coun- 
tries were randomized. More than 92% of the randomized participants had been 
treated for high blood pressure for at least 6 months when screened for the 
study. The randomized population is now being treated (goal: blood pressure 
<140/90 mmHg) and treatment will continue until at least 1,450 patients experi- 
ence a primary cardiac end point, defined as clinically evident or aborted myo- 
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cardial infarction, hospitalization for heart failure or death caused by coronary 
heart disease. Results are expected soon (Kjeldsen et al. 2001). 



2.1.4 

CAPPP 

The Captopril Prevention Project (CAPPP) was an interventional trial to com- 
pare the effects of ACE inhibition (captopril) with conventional therapy (diuret- 
ics, beta-blockers) on cardiovascular morbidity and mortality in patients with 
hypertension. CAPPP was an open, randomized trial with blinded end point 
evaluation in 10,985 patients aged 25-66 years with a baseline diastolic blood 
pressure of 100 mmHg or more. The primary end point was a composite of fatal 
and nonfatal myocardial infarction, stroke, and other cardiovascular deaths. A 
total of 5,492 patients were assigned captopril and 5,493 assigned conventional 
therapy. Primary end point events occurred in 363 patients in the captopril 
group (11.1 per 1,000 patient-years) and 335 in the conventional-treatment 
group (10.2 per 1,000 patient-years; relative risk 1.05, p=0.52). Thus, captopril 
and conventional treatment did not differ in their overall composite end point. 
Unfortunately, the influence from combination therapy (which was used fre- 
quently) was not borne out. Furthermore, captopril is an ACE inhibitor that is 
not considered to be as potent as the newer, more lipophilic ACE inhibitors such 
as quinapril, perindopril, or ramipril. 

The results for some monocomponents of the primary composite end point 
were: 

- Cardiovascular mortality: 76 events with captopril vs 95 events with con- 
ventional treatment (RR, 0.77; p=0.092) 

- Rate of fatal and nonfatal myocardial infarction: 162 vs 161 events 

- Fatal and nonfatal stroke: 189 vs 148 (RR, 1.25;p=0.044). 

Due to the limited number of events, the results are difficult to interpret. 
Moreover, the difference in stroke risk, for example, was thought to be due to 
lower levels of blood pressure obtained initially in previously treated patients 
randomized to conventional therapy (Hansson et al. 1999b). 



2.1.5 

UKPDS-39 

UKPDS-39 (UK Prospective Diabetes Study Group 1998a) was a substudy of 
UKPDS-38 (UK Prospective Diabetes Study Group 1998c), which in turn was a 
substudy of UKPDS-33 (UK Prospective Diabetes Study Group 1998b) in the 
UKPDS program. The purpose of UKPDS-38 was to determine whether tight 
control of blood pressure with either a beta-blocker or an angiotensin-convert- 
ing enzyme inhibitor would show better effects than looser BP control in pre- 
venting the macrovascular and microvascular complications of patients with 
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new type 2 diabetes (UKPDS-38 study). A total of 390 patients were allocated to 
looser control of blood pressure. Only the subgroup with tight blood pressure 
control (aiming at a blood pressure of <150/<85 mmHg) was further random- 
ized to captopril or atenolol in patients with type 2 diabetes (UKPDS-39). Of 
those 758 patients allocated to tight control of blood pressure, 400 were allocat- 
ed to captopril and 358 to atenolol. Predefined clinical end points were diabe- 
tes-related fatal and nonfatal events and all-cause mortality. Surrogate measures 
of microvascular and macrovascular disease included urinary albumin excretion 
and retinopathy assessed by retinal photography. Captopril and atenolol were 
equally effective in reducing blood pressure to a mean of 144/83 mmHg and 
143/81 mmHg respectively, with a similar proportion of patients (27% and 31%) 
requiring three or more antihypertensive treatments. Captopril and atenolol 
were equally effective in reducing the risk of macrovascular end points. 

Thus, blood pressure lowering with captopril or atenolol was similarly effec- 
tive in reducing the incidence of diabetic complications under the special condi- 
tions of the trial. However, it is difficult to conclude that both monotherapies 
(captopril or beta-blockers) are equally effective overall. The population ran- 
domized was a subgroup (UKPDS-39) of a subgroup (UKPDS-38) of a large 
study population (UKPDS-33). Furthermore, the sample size was small, and 
most patients were on double or triple combinations. In essence, two types of 
not very well-defined combination therapies were compared. 



2 . 1.6 

CAPPP in Diabetic Patients 

Captopril is evidently more effective than diuretics or beta-blockers in those 
572 diabetic patients of the CAPPP study (Niskanen et al. 2001) in whom a 
preplanned subgroup analysis was performed. The primary end point, fatal 
and nonfatal myocardial infarction and stroke as well as other cardiovascular 
deaths, was markedly lower in the captopril than in the conventional therapy 
group (RRR 41%; p=0.018). Some attempts were made to explain the differing 
results of CAPPP and UKPDS39: diabetic patients in CAPPP were probably at a 
higher risk than in UKPDS, as the latter had milder disturbances in glucose 
metabolism. Furthermore, the treatment goal was lower in the UKPDS 
(<150/<85 mmHg) than in CAPPP (<90 mmHg). 

There is other evidence from smaller studies (see the ABCD and FACET stud- 
ies) underscoring that ACE inhibitors may enjoy an advantage in diabetic pa- 
tients — at least over dihydropyridine calcium channel blockers (DHP-CCB). 



2.1.7 

ABCD 

Enalapril was more effective than nisoldipine in hypertensive patients in the 
ABCD Study (Appropriate Blood Pressure Control in Diabetes) (Estacio et al. 
1998). The primary hypothesis was that intense BP control (target DBP, 
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<75 mmHg), as compared with moderate control (target DBP, 80-89 mmHg), 
would prevent or slow the progression of diabetic nephropathy, neuropathy, ret- 
inopathy, and cardiovascular events in normotensive (480 patients) and hyper- 
tensive (470 patients) patients with NIDDM. The prespecified secondary hy- 
pothesis was that a long-acting DHP-CCB would have an equivalent effect to 
that of an ACE inhibitor in preventing these complications. The DSMB, however, 
had to stop treatment after 5 years in the subgroup of 470 hypertensive patients 
because the latter showed a significantly higher rate of fatal and nonfatal 
myocardial infarctions with nisoldipine (25 patients) than with enalapril 
(5 patients). 



2.1.8 

FACET 

Fosinopril was more effective than amlodipine in the FACET Study in which 380 
diabetic hypertensive patients were tested over 3.5 years (Tatti et al. 1998). The 
primary aim of the study was to assess treatment-related differences in serum 
lipids and diabetes control. The secondary end point was the rate of prospec- 
tively defined cardiovascular complications (myocardial infarction, stroke or 
hospitalization for angina pectoris). With fosinopril, the secondary end point 
was significantly lower in comparison with amlodipine (14/189 vs 27/191 
events). 



2.1.9 

STOP-2 

In the open, prospective, randomized STOP-2 trial, the effects of new antihyper- 
tensive drugs (ACE inhibitors and CCBs) were compared to the effects of old an- 
tihypertensive drugs (beta-blockers and diuretics) on cardiovascular mortality 
and morbidity. A total of 6,614 patients aged 70-84 years with hypertension 
(blood pressure >180 mmHg systolic, >105 mmHg diastolic, or both) were ran- 
domized to conventional antihypertensive drugs (atenolol 50 mg, metoprolol 
100 mg, pindolol 5 mg, or hydrochlorothiazide 25 mg plus amiloride 2.5 mg dai- 
ly) or to newer drugs (enalapril 10 mg or lisinopril 10 mg, or felodipine 2.5 mg 
or isradipine 2-5 mg, daily). Fatal stroke, fatal myocardial infarction, and other 
fatal cardiovascular diseases were assessed. Blood pressure was decreased to a 
similar extent in all treatment groups. The primary combined end point of fatal 
stroke, fatal myocardial infarction, and other fatal cardiovascular disease oc- 
curred in 221 of 2,213 patients in the conventional drugs group (19.8 events per 
1,000 patient-years) and in 438 of 4,401 in the newer drugs group (19.8 per 
1,000; RR, 0.99, p=0.89). The combined end point of fatal and nonfatal stroke, 
fatal and nonfatal myocardial infarction, and other cardiovascular mortality oc- 
curred in 460 patients taking conventional drugs and in 887 taking newer drugs 
(RR, 0.96, p=0A9). It was concluded that old and new antihypertensive drugs 
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were similar in prevention of cardiovascular mortality or major nonfatal events 
(Hansson et al. 1999a). 

The STOP-2 trial was not designed to determine the role of either new 
monotherapy alone in comparison to conventional antihypertensive treatment. 
Nevertheless, in the comparison of ACE inhibitors with CCBs, it was shown that 
ACE inhibitors were significantly better than CCBs with regard to myocardial 
infarction and the frequency of CHE. 



2.1.10 

ALLHAT 

The NIH-sponsored ALLHAT study is a large-scale comparison of four antihy- 
pertensive drugs, with 42,516 patients randomized to amlodipine, chlorthali- 
done, doxazosin, and lisinopril (Davis et al. 1996). 

Treatment with doxazosin was discontinued after 4 years (9,067 randomized 
patients), because a significantly higher incidence of heart failure was demon- 
strated in comparison with chlorthalidone (15,268 randomized patients) at a rel- 
ative risk of 2.04 (2% with doxazosin, 1% with chlorthalidone). A greater rate of 
stroke (at a relative risk of 1.19, p=0.04) was also shown. Furthermore, a 25% 
increased risk of combined cardiovascular events was found, which may be due 
to a slight systolic blood (but no diastolic) pressure difference (Messerli 2000, 
2001 ). 

Final results of ALLHAT for the remaining patients treated with chlorthali- 
done, amlodipine, or lisinopril were published after a mean follow-up of 
4.9 years. The primary outcome (combined fatal CHD or nonfatal myocardial 
infarction) occurred in 2,956 patients, with no difference between treatments. 
Likewise, the secondary end point, all-cause mortality, did not differ between 
groups. Other secondary end points were better with chlorthalidone (less CHE 
than with amlodipine, and less combined CVD, stroke, and CHE than with 
lisinopril). However, 5-year systolic blood pressures were significantly higher in 
the amlodipine (0.8 mmHg) and lisinopril (2 mmHg) groups compared with 
chlorthalidone. The conclusion that “thiazide-type diuretics are superior in pre- 
venting 1 or more major forms of CVD” seems questionable, for example, in 
light of the differences in blood pressures (ALLHAT Collaborative Research 
Group 2002). 



2.1.11 

ANBP-2 

The prospective, randomized, open-label Australian ANBP-2 study compared 
the outcomes with ACE inhibitors and diuretics for hypertension in the elderly. 
A total of 6,083 patients with hypertension who were 65-84 years of age were 
followed for a median of 4.1 years at 1,594 family practices. By the end of the 
study, blood pressure had decreased to a similar extent in both groups. There 
were 695 cardiovascular events or deaths in the ACE inhibitor group and 736 
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cardiovascular events or deaths in the diuretic group (hazard ratio, 0.89; 
p=0.05). Effects were more pronounced in men than in women. It was concluded 
that initiation of antihypertensive treatment involving ACE inhibitors appeared 
to lead to better outcomes than treatment with diuretic agents. 



2 . 1.12 

Conclusions, Open Questions, Hypotheses 

From the perspective of evidence-based medicine, the old indication of hyper- 
tension was not well investigated with ACE inhibitors and A2As. Why is that so? 
Placebo controls were used in studies with conventional therapy (diuretics and 
beta-blocker) and could not be used again in trials with the new drugs. Only tri- 
als with active comparators were permitted, for ethical reasons. Unfortunately, 
different “new” and “conventional” therapies were grouped together in the past. 
This practice has not been helpful in clearly establishing the benefits of ACE in- 
hibitors alone. Only ALLHAT was a direct comparison of four different drugs as 
first-line treatment of hypertension (to which steps 2 and 3 were added as need- 
ed). However, even ALLHAT has not really answered the question of whether 
modern ACE inhibitors are equal or superior to other antihypertensive agents. 
A2As were not part of the ALLHAT trial. 

The evidence for the effects of drugs within a substance class is even worse. 
There are no outcome data available from head-to-head comparisons. There- 
fore, the credit should only be given to those drugs for which benefit has been 
proven. 

It must be emphasized that surrogate markers do not generate the evidence, 
although such studies are often used to claim the advantages of the one drug 
over the other. Recently, a better blood pressure lowering at maximally tolerated 
doses was demonstrated in the CLAIM studies with candesartan in comparison 
with losartan (Bakris et al. 2001; Vidt et al. 2001). The true clinical meaning of 
the findings is unclear. Furthermore, a larger LVH reduction has been shown 
for ACE inhibitors such as enalapril (SCAT Study; Teo et al. 2000), and ramipril 
(PART II Study; MacMahon et al. 2000) in comparison to placebo, and with ra- 
mipril (RACE Study; Agabiti-Rosei et al. 1995) in comparison to atenolol. A 
similar reduction in LVH has been found for candesartan in comparison with 
enalapril in the CATCH trial (Cuspidi et al. 2002). Again, the true clinical mean- 
ing of all these findings will remain unclear in the absence of outcome trials. 

From the evidence that is currently available for ACE inhibitors, some as- 
sumptions may be derived: 

- ACE inhibitors are equal to conventional drugs (STOP-2, CAPPP, ALLHAT) 
in unselected patients. 

- ACE inhibitors are likely superior to CCBs in unselected patients (STOP-2). 

- ACE inhibitors are possibly superior to other hypertensives in diabetic pa- 
tients (CAPPP, ABCD, FACET, but not in UKPDS-39). 
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- An ACE inhibitor was shown to be superior to a DHP-CCB and to a beta- 
blocker with regard to nephroprotection in hypertensive Afro-Americans 
(see Sect. 2.6 in this chapter; Wright et al. 2002a). 

For A2As, the data situation may be summarized as follows: 

- An A2A was superior to a beta-blocker (LIFE). 

- An A2A was superior to a beta-blocker in diabetic patients (LIFE). 

- An A2A was not really superior to placebo (SCOPE) with respect to cardio- 
vascular events and was likely superior with respect to cerebrovascular 
events in elderly patients with mild hypertension. 

In the absence of direct comparisons, it is difficult to speculate on whether 
ACE inhibitors are better than A2As. The opposite conclusion, in any event, 
seems highly unlikely. In the following sections, in which the effects of the two 
drug classes in other important indications are described, the impression pre- 
vails that cardiac risk reduction is consistently shown with ACEi but not with 
A2As. A2As, on the other hand, reduce at least stroke reliably. 

It is intriguing to speculate that ACE inhibitors could resolve the old dilemma 
in hypertension research posed by the fact that stroke was consistently reduced, 
whereas fatal and nonfatal myocardial infarction was not convincingly reduced 
with other antihypertensives. 

2.2 

Unselected and Special Patient Groups After Myocardial Infarction 

Tremendous progress has been made in recent years in the treatment of acute 
myocardial infarction. In addition to the immediate goal of therapy, which is a 
rapid revascularization with either fibrinolysis or percutaneous coronary inter- 
vention (PCI), a whole battery of concomitant treatments has proven effective 
and has become state of the art. 

Apart from antithrombotic drugs enhancing the likelihood of revasculariza- 
tion and preventing reinfarctions (with ASA, clopidogrel, heparins or LMWHs, 
fibrinogen receptor antagonists), other drugs with a different mode of action 
such as beta-blockers have proven effective in the long-term follow-up of myo- 
cardial infarction. In addition to beta-blockers, ACE inhibitors and, recently, 
A2As have been investigated and have also proven to be effective. They prevent 
remodeling and preserve myocardial function, which is thought to translate into 
better survival. Survival is the one and only primary outcome measure for drug 
approval. 

There are three major types of studies with ACE inhibitors and A2As: 

1. Placebo-controlled short-term studies with ACE inhibitors in largely unse- 
lected patients with AML The initiation of therapy is early after onset of MI 
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and the end point evaluation is also early, e.g., after 5 weeks (CONSENSUS II, 
ISIS-4, GISSI-3, CCS-1, SMILE, MITRA registry). 

2. Placebo-controlled long-term studies with ACE inhibitors in selected pa- 
tients with AMI and impaired LV function. The initiation of therapy after 
onset of MI was delayed, and the end point evaluation was performed after 
several years (SAVE, AIRE, TRACE). 

3. Head-to-head comparisons of A2As with ACE inhibitors have been per- 
formed or are ongoing in selected patients with AMI and impaired LV func- 
tion (OPTIMAAL). (VALIANT) The initiation of therapy is within 10 days 
after onset of the MI and the end point is evaluated after several years. 



2.2.1 

CONSENSUS II 

CONSENSUS II was carried out in a group of 6,090 unselected patients repre- 
senting almost every type of acute myocardial infarction (above all, irrespective 
of the extent of left ventricular damage). The result was a slight nonsignificant 
trend toward excessive mortality with 20 mg enalapril once daily (enalapril 
10.2%, placebo 9.4%). Initially in this study, 1 mg enalapril was first infused 
within 2 h, followed by a 6-h pause. Thereafter, enalapril was administered oral- 
ly in doses that were staggered from 2x2.5 mg to 20 mg up to the 5th day. 
Strong decreases in blood pressure (systolic to <90 mmHg) developed at a high- 
er rate (12%) in the enalapril group than in the placebo group (3%). It was 
assumed that the titration scheme was too aggressive in CONSENSUS II 
(Swedberg et al. 1992). 



2 . 2.2 

ISIS-4 

In ISIS-4 study, 58,050 patients were randomized to captopril (up to 25 mg 
b.i.d.) or placebo. Treatment was also started early up to 24 h after infarction 
onset. Captopril was tolerated well. After 35 days, all-cause mortality was 7.2% 
in the captopril group, and 7.7% in the placebo group (ISIS-4 Collaborative 
Group 1995). 



2.2.3 

GISSI-3 

In the GISSI-3 study, 18,895 patients were randomized to lisinopril (up to 10 mg 
once daily) or placebo within 24 h after infarction onset. All-cause mortality in 
the lisinopril group was 6.3%, in the placebo group 7.1% after 42 days (Gruppo 
Italiano per lo Studio della Sopravivenza nellTnfarto Miocardio 1994). 




2.2.4 

CCS-1 
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In the Chinese CCS-1 study, 13,634 patients were randomized to captopril (up to 
12.5 mg t.i.d.) or placebo within 36 h after infarction onset. All-cause mortality 
in the captopril group was 9.1%, in the placebo group was 9.6% after 4 weeks 
(Chinese Cardiac Study Collaborative Group 1995). 



2.2.5 
SMILE 

In the SMILE study, 1,556 patients were enrolled within 24 h after the onset of 
symptoms of acute anterior myocardial infarction, and they were randomly as- 
signed in a double-blind fashion to receive either placebo (784 patients) or 
zofenopril (772 patients) for 6 weeks. The primary end point was the incidence 
of death or severe congestive heart failure. The patients were reexamined after 
1 year to assess survival. 

The incidence of death or severe congestive heart failure at 6 weeks was sig- 
nificantly reduced in the zofenopril group (55 patients, 7.1%), as compared with 
the placebo group (83 patients, 10.6%); the cumulative reduction in the risk of 
death or severe congestive heart failure was 34% (95% confidence interval, 8%- 
54%; p=0.018). After 1 year of observation, the mortality rate was significantly 
lower in the zofenopril group (10.0%) than in the placebo group (14.1%); the re- 
duction in risk was 29% (p=0.011). Treatment with zofenopril significantly im- 
proved both short-term and long-term outcome when this drug was started 
within 24 h after the onset of acute anterior myocardial infarction and contin- 
ued for 6 weeks (Ambrosioni et al. 1995). 

2.2.6 

SAVE 

In the SAVE study, 2,231 patients with reduced LV function were randomized to 
captopril (50 mg t.i.d.) or placebo within 3-16 days after the onset of infarction. 
All-cause mortality was 20% in the captopril group and 25% in the placebo 
group after 42 months (Pfeffer et al. 1992). 



2.2.7 

AIRE 

In the AIRE study, 2,006 patients with clinical signs and/or symptoms of heart 
failure were randomized to ramipril (up to 5 mg b.i.d.) or to placebo within 
2-11 days after infarction onset. All-cause mortality was 17% in the ramipril 
group and 23% in the placebo group after only 15 months (The AIRE Study In- 
vestigators 1993). 
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The AIREX follow-up study revealed that an additional survival benefit ac- 
crued thereafter and was maintained for several years (Hall et al. 1997). 



2.2.8 

TRACE 

In the TRACE study, 1,749 patients with impaired LV function were randomized 
to trandolapril (up to 2 mg q.d.) or placebo within 3-7 days after infarction on- 
set. All-cause mortality was 35% in the trandolapril group and 43% in the place- 
bo group after 24-50 months (Kober et al. 1995). After patients had been fol- 
lowed up for a minimum of 6 years, median survival was improved by 
15.3 months (Torp-Pedersen et al. 1999). 



2.2.9 

MITRA PLUS Registry 

MITRA PLUS is a German prospective multicenter registry of current treatment 
of AMI with 14,608 consecutive patients with ST-elevation acute myocardial in- 
farction. Treatment with ACE inhibitors was documented. Their effects on 
all-cause hospital mortality were evaluated. A total of 685 patients (4.7%) re- 
ceived ramipril, 39% received other ACE inhibitor therapy, and 56.3% no ACE 
inhibitor therapy. Hospital mortality was 5.8% with ramipril, 8.9% with other 
ACE inhibitor therapy, and 12.3% in patients receiving no ramipril treatment 
(Wienbergen et al. 2002). 



2.2.10 

OPTIMAAL 

OPTIMAAL was recently completed in 5,477 patients with confirmed AMI. Only 
those patients who had heart failure during the acute phase or a new Q-wave 
anterior infarction or reinfarction were randomized. Patients were randomly as- 
signed and titrated to a target dose of losartan (50 mg once daily) or captopril 
(50 mg t.i.d.). The primary end point was all-cause mortality. There were 499 
(18%) deaths in the losartan group and 447 (16%) in the captopril group after 
2.7 years of follow-up (Dickstein et al. 1998, 2002). 

2 . 2.11 

VALIANT 

VALIANT is a study in 14,500 high-risk patients after acute myocardial infarc- 
tion. Patients must exhibit clinical signs and symptoms of CHE or LV dysfunc- 
tion. Patients are randomized to valsartan (160 mg b.i.d.), or captopril (50 mg 
t.i.d.), or its combination (captopril 50 mg t.i.d. + valsartan 80 mg b.i.d.) be- 
tween 12 h and 10 days after the onset of acute infarction. The trial is powered 
to detect a 15% reduction in all-cause mortality rate with either use of valsartan 
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compared with captopril. The study is designed as an event-driven trial (until 
2,700 deaths have accrued) unless the duration of follow-up exceeds 6 years 
(Pfeffer et al. 2000; Pfeffer et al. 2003). Results were released recently: After a 
median follow-up of 24,7 months, 997 patients died in the valsartan group, 958 
in the captopril group, and 941 in the combination group. 



2.2.12 

Conclusions, Open Questions, Hypotheses 

Acute treatment of myocardial infarction and its long-term management there- 
after are both very important. In addition to rapid reperfusion and prevention 
of rethrombosis, other modes of action were thought to be helpful. The hypoth- 
esis — always the basis for a new study in EBM — was that vascular and myocar- 
dial effects could be beneficial. Such evidence was generated in myocardial in- 
farction, both for ACE inhibitors and A2As. 

ACE inhibitors have been investigated in all kinds of different situations and 
populations following acute myocardial infarction. It has been proven that: 

- ACE inhibitors reduce acute in-hospital mortality in largely unselected pop- 
ulations. 

- ACE inhibitors reduce long-term mortality in populations with impaired LV 
function or clinical signs and symptoms of heart failure. Median survival is 
prolonged by 1 or more years. 

- ACE inhibitors need to be given early in AMI because 40% of the 30-day 
survival advantage is observed in days 0-1 (ACE Inhibitor Myocardial In- 
farction Collaborative Group 1998). 

The data basis for A2As, on the other hand, is not broad and their real value 
in comparison with ACE inhibitors is not entirely clear. 

- An A2A was not inferior to an ACE inhibitor, although there was a trend for 
a worse outcome in some end points (for losartan in comparison with cap- 
topril). No relevant difference, however, was seen for valsartan in compari- 
son with captopril. 

Patients with impaired LV function following AMI have much in common 
with patients who suffer from unconditional CHE. In those patients, again, an 
A2A was formally not inferior to an ACE inhibitor; again, however, a trend for 
a worse outcome was seen with losartan in comparison with captopril (see 
Sect. 2.3). 
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2.3 

Chronic Heart Failure 

In chronic heart failure (CHF), it took quite some time for evidence of prognos- 
tic benefit from drug treatment to accrue. Many unsuccessful attempts, for ex- 
ample, with positive inotropes, were made. Alone a vasodilator combination 
comprising hydralazine-isosorbide dinitrate had shown a borderline significant 
prognostic effect in the VA Cooperative Study (Cohn et al. 1986). Then clinical 
breakthrough was obtained with ACE inhibitors, which were the first drugs for 
which unequivocal proof of prognostic benefit in CHF was provided. 

In the interim, ACE inhibitors have been investigated in all stages of symp- 
tomatic and asymptomatic heart failure. Only thereafter has the presence of a 
benefit from other therapies such as beta-blockers and spironolactones been 
shown. These drugs must be given in addition to ACE inhibitors. The major 
studies with ACE inhibitors are: 

- CONSENSUS I 

- VHeFTII 

- SOLVD treatment 

- SOLVD prevention 

- ATLAS 

Considerable hope prevailed that A2As could substitute for ACE inhibitors 
because their performance would equal or even exceed that of ACE inhibitors. 
Two major studies have been completed with A2As, one of which involves a di- 
rect head-to-head comparison study (ELITE II) and the other one an add-on 
study (ValHeFT). The evidence culled from the following studies will be dis- 
cussed: 

- ELITE I 

- ELITE II 

- RESOLVD 

- ValHeFT 

- CHARM 



2.3.1 

CONSENSUS I 

The placebo-controlled CONSENSUS Study was the landmark trial in which 
enalapril showed overwhelming benefit after a short period of time. A total of 
253 patients with New York Heart Association class IV (NYHA IV) disease were 
randomized to enalapril or placebo. After only 6 months, the rate of mortality 
in the placebo group was 44%; in the enalapril group, the rate was 26%, and the 
study was prematurely stopped (The CONSENSUS Trial Study Group 1987). 
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2.3.2 

VHeFT 

In the active-control V-HeFT II Study, 804 men with reduced exercise tolerance 
were randomized to enalapril or a combination of hydralazine with ISDN. The 
latter combination was in use at that time for patients with CHF. After 2 years, 
the mortality was lower in the enalapril arm than in the hydralazine + isosor- 
bide dinitrate arm (18% vs 25%). Reduction in mortality was mainly at- 
tributable to a reduction of sudden cardiac death (Cohn et al. 1991). 



2.3.3 

SOLVD Treatment and SOLVD Prevention 

The aim of the SOLVD trials (The SOLVD Investigators 1990) was to explore 
whether ACE inhibitors are also effective in patients with NYHA III (SOLVD 
treatment study) or even in asymptomatic patients with impaired LV function 
(SOLVD prevention study). A total of 2,569 patients were randomized in the 
double-blind SOLVD treatment study to enalapril or placebo. After an average 
follow-up of 41.4 months, the rate of total mortality in the placebo group was 
39.7%; in the enalapril group, the rate was 35.2% (The SOLVD Investigators 

1991) . 

In the double-blind SOLVD prevention study (The SOLVD Investigators 

1992) , 2,111 patients were treated with enalapril and 2,117 patients with placebo 
for 37.4 months. At 8% (RRR), the reduction in total mortality was not signifi- 
cant. The hospitalization rate due to heart failure, however, was reduced signifi- 
cantly by 37% (RRR), and the rate of development of symptomatic heart failure 
was also reduced significantly by 44% (RRR). Symptomatic drops in blood pres- 
sure were infrequent in the SOLVD collective (Hood et al. 1991). 



2.3.4 

ATLAS 

In the ATLAS Study, 3,164 patients were investigated over an average period of 
46 months; they had been titrated to a low (2.5-5.0 mg daily) or to a high 
(35 mg daily) dose of lisinopril. Survival alone (primary endpoint) did not differ 
significantly between the two groups. However, hospital admission for heart fail- 
ure and the combined end point of death or hospital admission was significantly 
reduced with the higher doses. Thus, it is currently believed that ACE inhibitors, 
if tolerated, show better effects with higher doses. However, there is no flawless 
dose-finding study available addressing this question properly in patients with 
CHF (Packer 1996; Packer et al. 1999). 
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2.3.5 
ELITE I 

A first pilot study (ELITE I study) showed prognostic benefit of 50 mg losartan 
once-daily in comparison to captopril (50 mg t.i.d.) in 722 heart-failure patients 
of advanced age (at least 65 years): 17 deaths with losartan vs 32 deaths for cap- 
topril. The study, however, was not planned as a survival study and mortality 
was not the primary end point (Pitt et al. 1997). 



2.3.6 
ELITE II 

In the pivotal ELITE II trial, a total of 3,152 patients over the age of 60 with an 
LVEF less than 40% and NYHA symptoms II-IV were randomized to 50 mg 
losartan or 3x50 mg captopril. Mortality in the captopril group was somewhat 
lower (250 out of 1,574 patients) than in the losartan group (280 out of 1,578 pa- 
tients). Also, an almost significant trend in favor of captopril was observed in 
conjunction with sudden cardiac death (captopril group 115 patients, losartan 
group 142 patients; p=0.08). In combination with beta-blockers, which a total of 
24% of all patients received (well distributed in both groups), captopriTs perfor- 
mance was significantly superior to that of losartan (Pitt et al. 2000). 



2.3.7 

RESOLVD 

The RESOLVD study was planned as a study to investigate exercise tolerance, 
ventricular function, quality of life (QoL), neurohormone levels, and tolerability 
in congestive heart failure (CHE). A total of 768 patients with NYHA II-IV and 
LVEF less than 0.40 and a 6-min walking distance under 500 m were randomized 
to candesartan (4, 8, or 16 mg), enalapril (4 or 8 mg), or the combination of 
both. The study was not planned as a survival study. However, the study was 
halted after 43 weeks because the External Safety and Efficacy Monitoring Com- 
mittee (ESEMC) voiced concern about the use of candesartan: mortality, the 
hospitalization rate for heart failure, and their combined end point were higher 
with candesartan and its combinations (candesartan alone: 14.6%, candesartan 
plus enalapril 15.1%, enalapril alone 6.4%). These results were published in the 
fine-print method section of the RESOLVD study (McKelvie et al. 1999). It is 
worth mentioning that the combination of candesartan and enalapril showed an 
improvement in several surrogate markers (ventricular volumes, LV ejection 
fraction, concentrations of aldosterone and BNP) in comparison to the individ- 
ual monosubstances, yet a survival benefit was not shown. The lesson to be 
learned may be that these surrogate markers cannot reliably predict the prog- 
nostic benefit of an intervention in CHF patients. Interestingly, the randomized 
placebo-controlled addition of the beta-blocker metoprolol improved both sur- 
rogate markers and survival in all groups (The RESOLVD Investigators 2000). 




2.3.8 

ValHeFT 
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The Val-HeFT study was a double-blind placebo-controlled randomized trial in 
5,010 patients with CHF and NYHA II-IV and EF under 40%. The active drug 
was valsartan, which was titrated up from 40 mg to a relatively high dose of 
160 mg in addition to standard therapy (92% with ACE inhibitors, 86% with di- 
uretics, 93% with digoxin, 35% with beta-blockers). There were two primary 
end points: overall mortality and the combination of overall mortality with mor- 
bidity criteria. Morbidity was defined as sudden cardiac death with resuscita- 
tion, hospitalization for heart failure, or the need for parenteral inotropic or 
vasodilator therapy). The rate of overall mortality after 2 years did not differ 
between the groups (19.7% valsartan vs 19.4% placebo), whereas a significant 
difference was discernible in the combined morbidity/mortality end point 
(28.8% valsartan vs 32.1% placebo; RRR, 13%, p=0.009). This difference was at- 
tributable only to a significant improvement in the hospitalization rate (13.8% 
valsartan vs 18.2% placebo; RRR, 28%). Thus, survival benefit is not proven, 
while improvement in morbidity (shown as reduced hospitalization rate) was 
shown. A small subgroup of 7% of the patients was not treated with an ACE in- 
hibitor. A nonsignificant reduction of 33.1% in all-cause mortality and 44% in 
the combined end point of mortality and morbidity was seen (Cohn and Togno- 
ni 2001). Were these patients to be excluded from the overall group, then the ob- 
served overall reduction in the combined end point would no longer be signifi- 
cant. 



2.3.9 

CHARM 

CHARM was a program of three placebo-controlled studies designed to define 
the clinical benefits of candesartan in a broad spectrum of patients with systolic 
and diastolic heart failure (Swedberg et al. 1999). The CHARM program ran- 
domized 7,801 patients with: 

- EF <40%, as add-on treatment in patients already on ACE-inhibitor treat- 
ment (CHARM-Added trial with 2,548 patients enrolled) 

- EF <40%, who were ACE-inhibitor intolerant (CHARM- Alternative trial 
with 2,028 patients enrolled) 

- EF >40%, who were not treated with ACE inhibitors (CHARM-Preserved 
trial with 3,023 patients randomized) 

The three studies were combined to evaluate all-cause mortality as the prima- 
ry outcome. The outcomes were released only recently. All-cause mortality, the 
primary end point of the overall program, was reduced by 10% (RRR) (Pfeffer 
et al. 2003). Furthermore, the combined end points of cardiovascular mortality 
or CHF hospitalization were evaluated for the component trials. 
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In the CHARM-Added trial (McMurray et al. 2003), the composite outcome 
(cardiovascular death or hospital admission for CHF) was reduced after 
41 months follow-up (38% vs 42% with placebo). 

In the placebo-controlled CHARM-Alternative trial (Granger et al. 2003), the 
same combined end point was significantly reduced after a median follow-up of 
33.7 months (33% vs 40% on placebo; RRR, 33%; p=0.0004). 

In the CHARM-Preserved trial (Yusuf et al. 2003), however, the combined 
end point was not significantly reduced after 36.6 months follow-up (22% vs 
24% on placebo). Cardiovascular mortality did not differ between groups (170 
vs 170 deaths), but fewer patients in the candesartan group than in the placebo 
group were admitted to hospital once for CHF (230 vs 279 on placebo). 



2.3.10 

Conclusions, Open Questions, Hypotheses 

Patients with CHF have a poor prognosis with 5-year mortality rates of 50% and 
higher (Ho et al. 1993). CHF is also the most frequent cause for hospitalization. 
Modern drug treatment ameliorates this situation: considerable progress has 
been made in recent years with the combination of ACE inhibitors, beta-block- 
ers, and spironolactone. 

ACE inhibitors can be regarded as the breakthrough to life-saving drug ther- 
apy in CHF. The available evidence was summarized in a large meta-analysis 
(Flather et al. 2000). It can now be safely stated that: 

- ACE inhibitors are effective at all stages of heart failure, in asymptomatic 
(NYHA I) and symptomatic patients (NYHA II, III, and IV). The effects are 
not only significant, they are clinically relevant. 

A2As have been investigated in three major studies so far: 

- An A2A was not inferior to an ACE inhibitor in the ELITE II study. Howev- 
er, there was a negative trend with losartan in comparison with captopril in 
most end points. 

- An A2A did not show better survival if given in addition to ACE inhibitors 
in the ValHeFT study. However, the rate of hospitalization for heart failure 
was reduced. 

- An A2A showed survival benefit over placebo in those patients who were 
not on ACE inhibitors in ValHeFT. This subgroup was small and evaluation 
not prespecified. 

It was speculated that losartan may have been underdosed. On the other 
hand, a high dose of valsartan was given in the ValHeFT and still there was no 
additive effect on mortality. Thus, the likelihood that A2As are superior to ACE 
inhibitors with regard to total or cardiovascular mortality is very low. 
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The situation is different and not fully understood with regard to hospitaliza- 
tion for heart failure. Why then does valsartan show additional effects with re- 
spect to hospitalization for heart failure? It may be that baseline therapy with 
captopril was not sufficiently dosed for prevention of hospitalization. 

The CHARM program brought only some clarification: 

- A2As are highly effective in CHF patients who do not tolerate ACE in- 
hibitors. 

- Additive effects (in addition to baseline therapy with ACE inhibitors) are, 
again, only seen with regard to hospitalization for CHF but not with regard 
to cardiovascular mortality. 

Apart from the above considerations, different dosages are apparently needed 
for prolongation of life and for a reduction in hospitalization. This assumption 
fits another observation from the ATLAS study: a higher dose of the ACE inhib- 
itor lisinopril did not provide an additional reduction in mortality, but there 
was an additional effect on hospitalization. 

Furthermore, all these assumptions (and uncertainties) demonstrate again 
the disadvantage of not having dose-finding in outcome trials, a task which, 
however, is almost impossible to fulfill (Dickstein 2001). 



2.4 

Patient Groups with a High Cardiovascular Risk 

The concept of isolated risk factor intervention is well established. The next step 
in the evolution of preventive medicine is to apply preventive measures on the 
basis of total risk (British Cardiac Society et al. 1998). The reason is that priority 
should be given to those patients who are at highest risk of developing CHD. 
Consequently, the budgets of health care providers are preferably directed to- 
wards patients with the highest overall risks. Risk equations and computer pro- 
grams such as the Cardiac Risk Assessor have been developed based on the 
Framingham data set (Andersen et al. 1991). Furthermore, coronary risk charts 
have been developed (Wood et al. 1998) or coronary risk can easily be assessed 
on the internet (e.g., www.chd-taskforce.de). 

The definitions of primary and secondary prevention were termed, for exam- 
ple, to form groups with lower and higher risk. These definitions may be super- 
seded in the future because they do not serve this purpose precisely. It became 
evident that asymptomatic patients in the highest risk decile of primary preven- 
tion may have a higher risk than patients following MI in secondary prevention 
(Assmann et al. 2002). 

Large-scale intervention studies have been successfully conducted with plate- 
let inhibitors and lipid-lowering agents such as statins. The effects are substan- 
tial but not sufficient. New concepts were derived from research in atherosclero- 
sis, which was fostered by a better understanding of endothelial changes, plaque 
formation, etc. A particular role was seen for the renin-angiotensin system. 
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With ACE inhibitors, the following studies are or have been conducted: 

- HOPE 

- DIABHYCAR 

- EUROPA 

- PEACE (ongoing) 

With A2As, the following studies are ongoing: 

- ONTARGET 

- TRANSCEND 



2.4.1 

HOPE 

In the HOPE study, ramipril was assessed in a broad spectrum of patients who 
were at high risk for cardiovascular events but who did not have left ventricular 
dysfunction or heart failure. A total of 9,297 high-risk patients (55 years of age 
or older) who had evidence of vascular disease or diabetes plus one other car- 
diovascular risk factor and who were not known to have a low ejection fraction 
or heart failure were randomly assigned to receive ramipril (10 mg once per day 
orally) or matching placebo for a mean of 5 years. The primary outcome was a 
composite of myocardial infarction, stroke, or death from cardiovascular causes. 
Of those who were assigned to receive ramipril, 14.0% reached the primary end- 
point, as compared with 17.8% who were assigned to receive placebo (RR, 0.78; 
p<0.001). 

Treatment with ramipril reduced the rates of death from cardiovascular caus- 
es (6.1% as compared with 8.1% in the placebo group; RR, 0.74; p<0.001), myo- 
cardial infarction (9.9% vs 12.3%; RR, 0.80; p<0.001), stroke (3.4% vs 4.9%; RR, 
0.68; p<0.001), death from any cause (10.4% vs 12.2%; RR, 0.84; p=0.005), revas- 
cularization procedures (16.3% vs 18.8%; RR, 0.85; p<0.001), cardiac arrest 
(0.8% vs 1.3%; RR, 0.62; p=0.02), and complications related to diabetes (6.4% vs 
7.6%; RR, 0.84; p=0.03). In conclusion, ramipril significantly reduced the rates 
of death, myocardial infarction, and stroke in a broad range of high-risk pa- 
tients who were not known to have a low ejection fraction or heart failure (The 
Heart Outcomes Prevention Evaluation Study Investigators 2000a). 



2.4.2 

HOPE in Diabetic Patients 

Diabetic patients were a prespecified stratum in the HOPE study. The primary 
evaluation of these patients was identical to those of the entire HOPE popula- 
tion. Ramipril lowered the risk of the combined primary outcome by 25% 
(p=0.0004), myocardial infarction by 22%, stroke by 33%, cardiovascular death 
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by 37%, and total mortality by 24% (The Heart Outcomes Prevention Evaluation 
Study Investigators 2000b). 



2.4.3 

DIABHYCAR 

In the double-blind placebo-controlled randomized DIABHYCAR study, 4,912 
hypertensive and nonhypertensive patients with type 2 diabetes and microalbu- 
minuria were included. They received 1.25 mg ramipril or placebo consecutively 
with the usual treatment. The primary end point was a composite of cardiovas- 
cular death, myocardial infarction, stroke, acute heart failure requiring hospital- 
ization, or end-stage renal failure. After a median follow-up of 4.5 years, 793 pri- 
mary end points were observed (3.8/100 patient years). There were no signifi- 
cant treatment effects (RR, 0.97). 

The population investigated in DIABHYCAR is very similar to the prespeci- 
fied diabetic population of HOPE and its Micro-HOPE subpopulation. The out- 
comes in Micro-HOPE in which 10 mg of ramipril were given were very positive. 
The authors of DIABHYCAR hence concluded that the high dose of 10 mg rami- 
pril is important and needed for the demonstration of a clinical effect (Gueret et 
al. 2002). 

2.4.4 
EUROPA 

The EUROPA Study is a double-blind, placebo-controlled, multicenter study in 
24 countries in Europe. A total of 10,500 patients (>18 years) with coronary ar- 
tery disease without clinical signs of heart failure were randomized to either 
placebo or perindopril (titrated up to 8 mg per day) for at least 36 months. The 
primary end point was a composite of cardiovascular death, nonfatal MI, or car- 
diac arrest with successful resuscitation (Fox et al. 1998). Results were released 
only recently (The European trial On Reduction of Cardiac Events with Perindo- 
pril in Stable Coronary Artery Disease Investigators 2003). They were largely 
similar to those of the HOPE study. Effects on stroke, however, were much 
smaller. EUROPA did not cover as broad a study population as was investigated 
in the HOPE study. 



2.4.5 

PEACE 

The PEACE trial is an 8,100-patient, randomized, double-blind, placebo-con- 
trolled trial in patients (>50 years) with proven coronary artery disease and pre- 
served left- ventricular function (LVEF >40%). Patients are randomized to either 
trandolapril (up-titrated to 4 mg per day) or placebo. All patients will be fol- 
lowed up for 4 years. The primary end point is a composite of cardiovascular 
death, nonfatal MI, or need for revascularization (Pfeffer et al. 1998). 
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2.4.6 

ONTARGET 

Currently, the three-arm ONTARGET study is investigating the effects of an 
A2A (telmisartan), of an ACE inhibitor (ramipril), and of their combination. 
ONTARGET is a long-term study over 5.5 years in 23,400 patients. Patients must 
have established coronary artery disease, stroke, peripheral vascular disease, or 
diabetes with end-organ damage. Patients with congestive heart failure will be 
excluded. The primary end point is a composite of cardiovascular death, MI, 
stroke, and hospitalization for heart failure. Secondary end points will investi- 
gate reductions in the development of diabetes mellitus, nephropathy, dementia, 
and atrial fibrillation (Yusuf 2002). 



2.4.7 

TRANSCEND 

In a parallel study, patients unable to tolerate an ACE inhibitor will be random- 
ized to receive telmisartan or placebo. The end points are as in ONTARGET, 
with 8,000 patients recruited. 



2.4.8 

Conclusions, Open Questions, Hypotheses 

The ACE inhibitors ramipril and perindopril are the only ACE inhibitors for 
which the results of a large-scale clinical trial have become available. These an- 
giotensin-converting enzyme inhibitors improve the clinical outcome among 
patients with apparently normal left ventricular function. It can be stated that: 

- The ACE inhibitor ramipril reduces cardiovascular events (fatal and nonfa- 
tal MI and stroke) in a broad spectrum of high-risk patients. 

- The ACE inhibitor ramipril reduces cardiovascular events also in diabetic 
patients. However, dose matters: a high dose of 10 mg is effective while a 
low dose of 1.25 mg is not effective. 

- The ACE inhibitor perindopril reduced cardiovascular events (but not 
stroke) in a smaller spectrum of patients with CHD. 

A direct comparison of an A2A (telmisartan) with an ACE inhibitor (rami- 
pril) is ongoing (ONTARGET study). Currently — in the absence of results from 
clinical trials — it can only be stated that: 

- A2As have not shown that they are better or worse than, or are equal to, the 
ACE inhibitor ramipril in high-risk patients. 




2.5 

Stroke 
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Stroke is the second largest cause of death in many societies. Disability in sur- 
vivors is frequent and often irreversible. Therefore, primary and secondary pre- 
vention is of great importance. Intervention with platelet inhibitors such as 
ASA, ticlopidine, and clopidogrel has been proven beneficial in primary and/or 
secondary prevention trials. Still, event rates are high and deserve further re- 
duction. 

Blood pressure is a major determinant for the risk of stroke among both hy- 
pertensive and nonhypertensive individuals. It has been shown that antihyper- 
tensive treatment consistently reduces the occurrence of stroke. The effect is ap- 
parently related to the amount of blood pressure lowering; the choice of antihy- 
pertensive drug appears to be of little importance. Since the first major antihy- 
pertensive trials were performed (e.g., the VA studies in 1967 and 1970) (VA Co- 
operative Group on Antihypertensive Agents 1967, 1970), the reduction in 
stroke was always much easier to prove than the reduction in myocardial infarc- 
tion. Therefore, the primary target of many antihypertensive studies has been 
the occurrence of stroke, for example, when calcium channel blockers were 
studied in the elderly (SHEP, Syst-Eur, Syst-China). 

Atherosclerosis, plaque rupture, and vascular occlusion are promoted by an- 
giotensin II (Lonn et al. 1994) and, thus, the renin-angiotensin system (RAS) 
may also play an important role in the pathogenesis of stroke. Conceivably, 
drugs interfering with the RAS are of interest not only in hypertensive but also 
in other populations with a high cardiovascular risk. No study dedicated to pri- 
mary stroke prevention alone in high-risk populations and involving these sub- 
stances is currently available. For secondary prevention after stroke, only the 
PROGRESS study has been completed so far. Therefore, this overview also en- 
compasses those studies in which stroke contributed to a primary composite 
end point and prespecifying stroke as a secondary end point. 

With ACE inhibitors, add-on therapy has been tested in two large-scale out- 
come trials: 

- HOPE (in a broad spectrum of high-risk patients) 

- PROGRESS (in secondary prevention after stroke). 

With A2As, there is no study particularly tailored to stroke prevention but 
stroke was a monocomponent of the primary composite end point in the follow- 
ing studies: 

- LIFE (in hypertensive patients with LVH) 

- SCOPE (in elderly patients with mild hypertension). 
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2.5.1 

HOPE 

In the placebo-controlled HOPE study, the effects of the ACE inhibitor ramipril 
on stroke prevention were investigated. Stroke was part of the primary compos- 
ite end point and was a prespecified secondary end point. HOPE was performed 
as a randomized controlled trial with a 2x2 factorial design in 267 hospitals in 
19 countries in 9,297 patients with vascular disease or diabetes plus an addition- 
al risk factor. Follow-up was 4.5 years. Stroke was confirmed by computed 
tomography or magnetic resonance imaging when available. Blood pressure was 
recorded at entry to the study, after 2 years, and at the end of the study. Reduc- 
tion in blood pressure was modest (3.8 mmHg systolic and 2.8 mmHg diastolic). 
The relative risk of any stroke was reduced by 32% (156 vs 226) in the ramipril 
group compared with the placebo group, and the relative risk of fatal stroke was 
reduced by 61% (17 vs 44). Benefits were consistent across baseline blood pres- 
sures, drugs used, and subgroups defined by the presence or absence of previ- 
ous stroke, coronary artery disease, peripheral arterial disease, diabetes, or hy- 
pertension. It was concluded that ramipril reduces the incidence of stroke in pa- 
tients at high risk, despite a modest reduction in blood pressure (Bosch et al. 
2002 ). 



2.5.2 

PROGRESS 

The study on perindopril protection against recurrent stroke (PROGRESS) was 
designed to determine the effects of a blood-pressure-lowering regimen in hyper- 
tensive and nonhypertensive patients with a history of stroke or transient isch- 
emic attack. A total of 6,105 patients were randomly assigned active treatment 
(n=3,051) or placebo (n=3,054). Active treatment comprised a flexible regimen 
based on perindopril (4 mg daily), with the addition of the diuretic indapamide 
at the discretion of treating physicians. The primary outcome was total stroke 
(fatal or nonfatal). Over 4 years of follow-up, active treatment reduced blood 
pressure by 9/4 mmHg. A total of 307 (10%) individuals assigned active treat- 
ment suffered a stroke, compared with 420 (14%) assigned placebo (RRR, 28%, 
p<0.0001). Active treatment also reduced the risk of total major vascular events 
(26%). There were similar reductions in the risk of stroke in hypertensive and 
nonhypertensive subgroups (all p<0.01). Combination therapy with perindopril 
plus indapamide reduced blood pressure by 12/5 mmHg and stroke risk by 43% 
(30%-54%). Single-drug therapy reduced blood pressure by 5/3 mmHg and pro- 
duced no significant reduction in the risk of stroke. This blood-pressure-lower- 
ing regimen reduced the risk of stroke among both hypertensive and nonhyper- 
tensive individuals with a history of stroke or transient ischemic attack. Combi- 
nation therapy with perindopril and indapamide produced a greater reduction in 
both blood pressure and risk than did single-drug therapy with perindopril alone 
(PROGRESS Collaborative Group 2001). 
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2.5.3 
LIFE 

In the LIFE study, a total of 9,193 participants aged 55-80 years with hyperten- 
sion and LVH were randomized to losartan or atenolol (see Sect. 2.1 in this chap- 
ter). Stroke was significantly reduced with losartan in comparison to atenolol: a 
total of 232 and 309 patients, respectively, experienced fatal or nonfatal stroke 
(RR, 0.75; p=0.001). Patients in the LIFE study represent a hypertensive popula- 
tion that is quite different from those in HOPE and in PROGRESS (Dahlof et al. 
2002 ). 

2.5.4 
SCOPE 

In the placebo-controlled SCOPE study (Study on Cognition and Prognosis in 
the Elderly), candesartan was investigated in 4,964 elderly patients aged 70-79 
with mild hypertension (SBP, 160-179 or DBP, 90-99 mmHg). Candesartan was 
given as 8 mg and doubled to 16 mg after 3 months if BP response was not suffi- 
cient. After 4 years of treatment, candesartan had not reduced the risk of major 
cardiovascular events, which was the primary end point (-11%; p=0.19). Howev- 
er, it did significantly reduce the risk of nonfatal strokes, which was a secondary 
end point (-28%; p=0.041) in these patients. SCOPE was the first outcome study 
in the elderly with mild hypertension (Sever 2002). This population differed 
from those in HOPE, PROGRESS, and LIFE. 



2.5.5 

Conclusions, Open Questions, Hypotheses 

It has been known for quite some time that blood pressure reduction is an effec- 
tive tool for stroke prevention, apparently independent of the type of the antihy- 
pertensive used. In recent years, stroke prevention was extended to populations 
with a risk greater than that of hypertension alone. ACE inhibitors and A2As 
were deemed particularly suited for this task. 

For ACE inhibitors, an interesting data situation was generated in three large- 
scale trials: 

- The ACE inhibitor ramipril has shown to have a strong preventive effect 
that is largely independent from blood pressure lowering. 

- The ACE inhibitor perindopril, however, showed only a small effect in pri- 
mary prevention of stroke. 

- The ACE inhibitor perindopril has shown to have a secondary preventive 
effect that is pronounced only in combination with indapamide. 

This situation gives rise to some questions that could only be answered in di- 
rect head-to-head comparison studies: 




574 W. Schulz 



- Are the differences in outcomes between ramipril and perindopril genuine? 

- Are methodological issues responsible for the disparity in results? Second- 
ary prevention, for example, may well be much more difficult to attain or 
the type of concomitant treatment given may play an important role. 

For A2As, data are available from two large-scale clinical trials: 

- A2As prevented stroke in two different populations (LIFE, SCOPE). 

A2As are likely equally effective than ACE inhibitors. 



2.6 

Nephropathy 

The incidence and prevalence of nephropathy is on the increase. A pragmatic 
classification is based on the presence or absence of diabetes: 

- Nondiabetic nephropathy 

- Type 1 diabetic nephropathy (TID) 

- Type 2 diabetic nephropathy (T2D) 

The most important cause for nephropathy is type 2 diabetes, which accounts 
for about 75% of all nephropathies. Most importantly, type 2 diabetes is on the 
rise. Consequently, nephropathy and end-stage renal failure (ESRF) are also in- 
creasing. Interestingly, patients with type 2 diabetes may have a worse prognosis 
than those with type 1 diabetes because the former often have additional risk 
factors such as hypertension, dyslipidemia, etc. 

A brief mention of the various end points summarizing the outcome of the 
fierce regulatory debates of recent years follows. 

- The ultimate goal of drug treatment is prevention of end-stage renal failure, 
which means a need for dialysis or a need for transplantation. This end 
point of ESRF must be investigated, either alone or as a major contributor 
to a composite end point. Otherwise, health authorities will not grant regu- 
latory approval for the indication nephroprotection. Doubling of serum cre- 
atinine concentrations (DOC) has frequently been used as another compo- 
nent of a composite end point. Patients whose creatinine level doubles show 
ESRF usually 9-15 months thereafter. 

- Other end points such as a halt in the decline of renal function (delta GFR) 
or in the decline in creatinine clearance are not accepted by health authori- 
ties, a circumstance which is regretful. Stopping nephropathy at earlier stag- 
es is desirable from a clinical point of view. 

- The same is true for albuminuria and proteinuria as an end point. Protein- 
uria is not only a marker but also a modifiable risk factor for renal and car- 
diovascular disease, for instance, in type 2 diabetes. Reduction in proteinur- 
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ia can be measured as well as prevention of progression from one to anoth- 
er stage (e.g., from microalbuminuria to macroalbuminuria). From a medi- 
cal standpoint, there is a good reason to do so and to intervene early. For 
example, patient, with type 1 diabetes developing microalbuminuria will in- 
evitably develop ESRF in approximately 15 years barring death in the inter- 
im from heart attack or stroke. As it is not possible to conduct a double- 
blind controlled clinical trial over 15 years, it seems reasonable to evaluate 
and stop progression of proteinuria as an intermediate step. Such evidence, 
however, is not accepted by health authorities for drug approval. 

At baseline, the severity of glomerular nephropathy may be expressed by cre- 
atinine serum values, creatinine clearance, or protein or albumin excretion. For 
the same level of creatinine clearance, it is protein excretion that predicts out- 
come. Therefore, patients with impaired creatinine clearance are often stratified 
further according to proteinuria levels at baseline. 

Until a decade ago, no reliable proof was available of any preventive effects 
with pharmaceutical drugs. Only in 1993 was the first landmark study (ACE In- 
hibitor I study) published showing prevention of DOC with the ACE inhibitor 
captopril in type 1 diabetic patients. Thereafter, evidence was provided with 
composite end points (DOC, ESRF, and death) in nondiabetic patients (AIPRI, 
REIN). Surprisingly, patients with T2D nephropathy were not initially tested, 
thus leaving the door open for placebo-controlled trials testing first-line treat- 
ment with A2As. 

The relevant studies with the following outcome parameters (according to 
the strength of regulatory acceptance in descending order) are described below: 

- Progression from impaired renal function with macroalbuminuria to ESRF 

- Decline in renal function 

- Progression from microalbuminuria to macroalbuminuria 

- Progression from normalbuminuria to microalbuminuria 



2 . 6.1 

Progression from Impaired Renal Function to ESRF 

RENAAL In the placebo-controlled randomized RENAAL study, a total of 1,513 
patients were randomized to 50-100 mg once daily losartan or placebo. Mean 
follow-up was 3.4 years (Brenner et al. 2001). Patients had to have type 2 diabe- 
tes, a serum creatinine between 1.3 and 3.0 mg/dl, and signs of protein excretion 
such as proteinuria over 500 mg. The primary outcome was a composite of a 
doubling of the base-line serum creatinine, end-stage renal disease, or death. 
The prespecified secondary end point, morbidity and mortality from cardiovas- 
cular causes was a composite of myocardial infarction, stroke, first hospitaliza- 
tion for heart failure or unstable angina, coronary or peripheral revasculariza- 
tion, or death from cardiovascular causes. The primary end point was signifi- 
cantly reduced by a RR of 16% (327 vs 359 events; p=0.02); the secondary end 
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point was insignificantly reduced by 10% (247 vs 268 events; p=0.26). Hospital- 
ization for heart failure was significantly reduced by 32% (89 vs 127, p<0.005); 
myocardial infarction was insignificantly reduced by 28% (50 vs 68, p=0.08). 
Death rate was not reduced (21% vs 20.3%). 

IDNT. In the three-arm IDNT study, a total of 1,715 patients were randomly as- 
signed 300 mg daily irbesartan, 10 mg daily amlodipine, or placebo (Lewis et al. 
2001). Patients had to have type 2 diabetes, hypertension (>135 mmHg SBP or 
>85 mmHg DBP), proteinuria (>900 mg per 24 h), and a serum creatinine con- 
centration between 1.0 and 3.0 mg/dl in women and 1.2 and 3.0 mg/dl in men. 
Mean treatment duration was 2.6 years. The primary end point was a composite 
of DOC, ESRF, or death from any cause. The secondary, cardiovascular end 
point was the composite of death from cardiovascular causes, nonfatal myocar- 
dial infarction, heart failure resulting in hospitalization, a permanent neurologi- 
cal deficit caused by a cerebrovascular event, or lower limb amputation above 
the ankle. With irbesartan, the primary end point was 20% lower than that in 
the placebo group (p=0.02) and 23% lower than that in the amlodipine group 
(p=0.006). The secondary cardiovascular end point was not significantly altered 
with irbesartan (23.8% irbesartan, 22.6 amlodipine, 25.3% placebo). Death rates 
were not significantly different (15.0% irbesartan, 14.6% amlodipine, 16.3% pla- 
cebo). 



2.6.2 

Deterioration in Renal Function 

ACE Inhibitor I and II Studies. In the placebo-controlled ACE Inhibitor I study, 
207 patients were randomized to captopril and 202 to placebo. In the placebo 
group, antihypertensive drugs other than ACE inhibitors were given in order to 
achieve the same blood pressure targets. Patients with type 1 diabetes were in- 
cluded if their urinary protein excretion was greater than 500 mg per day and 
the serum creatinine concentration was less than 2.5 mg/dl. The primary end 
point was doubling of creatinine (to at least 2.0 mg/dl); one of the secondary 
end points was a combination of death, dialysis, and transplantation. The pri- 
mary end point was reduced by 48% with captopril (25 vs 43 patients on placebo 
had DOC; p=0.007); the secondary end point was reduced by 50% (23 vs 42 pa- 
tients; p=0.006). Eight patients died with captopril, 14 with placebo. The effect 
of the ACE inhibitor was regarded as independent of a small disparity in blood 
pressure between the groups (Lewis et al. 1993). 

Thereafter, those 129 patients remaining after the ACE Inhibitor I study with 
kidney survival were randomized in the ACE Inhibitor II study to an intensive 
blood pressure goal (group I, MAP <92 mmHg) or to a normal blood pressure 
goal (group II, MAP 100-107 mmHg) with low or high doses of the ACE inhibi- 
tor ramipril. After a 2-year follow-up, there was a significant difference in total 
urinary protein excretion between group I (535 mg/24 h) and group II 
(1,723 mg/24 h). Other exploratory outcome parameters did not differ signifi- 
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cantly, possibly because the patients included represented the good risks and 
their follow-up period was too short (Lewis et al. 1999). 

REIN. The REIN study was a placebo-controlled study in 352 patients with 
glomerular nephropathy (creatinine clearance of 20-70 ml/min/1.73 and 
persistent proteinuria at enrollment). The vast majority of the subjects were 
nondiabetic. Before randomization, subjects were stratified according to base- 
line 24-h proteinuria values (stratum 1, proteinuria >1 and <3 g/24 h; stratum 
2, proteinuria >3 g/24 h). Subjects were randomized within strata to receive ei- 
ther placebo or ramipril during a 27-month double-blind phase. Thereafter, ra- 
mipril subjects were to remain on open therapy for a further 33 months; placebo 
subjects were to remain in the study without further study medication. 

The primary efficacy variable was the rate of change in glomerular filtration 
rate (GFR) per month. The most important secondary variable was the com- 
bined clinical end point of end-stage renal failure or doubling of the baseline se- 
rum creatinine level (DOC). During the overall study period, the mean rate of 
delta GFR per month was significantly less in the ramipril than in the conven- 
tional-treatment group (0.37 vs 0.51 ml/min/1.73m^). Furthermore, ramipril de- 
creased the risk for ESRD by 48% (28 vs 53 patients) (Ruggenenti et al. 2000). 
Effects were more pronounced in patients of stratum 2 with a higher protein ex- 
cretion at baseline (The GISEN Group 1997) than in patients of stratum 1 
(Ruggenenti et al. 1999). 

AIPRL In the double-blind AIPRI study, 583 patients with chronic renal insuffi- 
ciency caused by various underlying renal diseases were randomized to be- 
nazepril or placebo. The primary outcome measure was defined as a composite 
end point of DOC or need for dialysis. Actually, however, the primary end point 
was driven by DOC and not by ESRF: at 3 years, 31 patients in the benazepril 
and 57 in the placebo group had reached the primary end point (p<0.001). A to- 
tal of 86 patients had DOC and only 2 had ESRF. Eight patients in the benazepril 
group and one in the placebo group died (Maschio et al. 1996). 

AASK. The AASK study was a randomized, double-blind, 3x2 factorial trial con- 
ducted in 1,094 African-Americans aged 18-70 years with hypertensive renal 
disease (GFR 20-65 ml/min/1.73 m^) and proteinuria. Two hundred seventeen 
participants were randomly assigned to receive amlodipine, 5-10 mg/d, 441 pa- 
tients to receive ramipril, 2.5-10 mg/d (m= 436), and 441 patients to receive me- 
toprolol, 50-200 mg/d. Other agents were added in a stratum for which tight 
blood pressure control was foreseen. The primary outcome measure was the rate 
of change in GFR; the main clinical outcome was a composite end point of re- 
duction in GFR of more than 50% or 25 ml/min/1.73 m^, end-stage renal dis- 
ease, or death. Following an interim analysis after 3 years, treatment with am- 
lodipine was terminated by the DSMB because ramipril was significantly superi- 
or to amlodipine. After adjustment for baseline covariates, the ramipril group 
had a 38% reduced risk of clinical endpoints, a 36% slower mean decline in GFR 
after 3 months (p=0.002), and less proteinuria (p<0.001) (Agodoa et al. 2001). 
Furthermore, it was shown after the end of the scheduled follow-up of 
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48 months, that ramipril also significantly reduced the risk by 22% (p=0.042) in 
comparison to metoprolol (Wright et al. 2002b). 



2.6.3 

Progression from Microalbuminuria to Macroalbuminuria 

EUCLID. In the EUCLID study, 530 normotensive patients with IDDM and nor- 
moalbuminuria (n=440), microalbuminuria (n=79), or macroalbuminuria (n=6) 
were randomized to lisinopril or placebo. Patients were not on medication for 
hypertension. The rate of change in AER was the primary end point of the study. 
In the overall population, albumin excretion rate after 2 years was 2.2 pg/min 
lower (RRR, 18.8%) in the lisinopril group compared to placebo in an ITT anal- 
ysis. For patients who completed 24 months of treatment, the final treatment 
difference in AER was 38.5 pg/min in those with microalbuminuria, and 
0.23 pg/min in those with normoalbuminuria at baseline (The EUCLID Study 
Group 1997). Furthermore, retinopathy progressed less with lisinopril than with 
placebo. 

STENO Type 2. STENO type 2 was an open randomized study in 160 patients 
with type 2 diabetes mellitus and microalbuminuria. Patients were allocated 
standard treatment (n=S0) or intensive treatment (n=S0). Intensive treatment 
was a stepwise implementation of behavior modification, pharmacological ther- 
apy targeting hyperglycemia, hypertension, dyslipidemia, and microalbumin- 
uria. In the intense group, ACE inhibitors were prescribed independent of blood 
pressure. The primary end point was the development of overt nephropathy 
(median albumin excretion rate >300 mg/24 h in at least one of the two yearly 
examinations). Secondary end points were the incidence or progression of dia- 
betic retinopathy and neuropathy. Patients in the intensive group had signifi- 
cantly lower rates of progression to nephropathy (odds ratio, 0.27), progression 
of retinopathy (OD, 0.45), and progression of autonomic neuropathy (OD, 0.32) 
than those in the standard group. It was concluded that the effect was at- 
tributable, at least in part, to ACE inhibitor treatment (Gaede et al. 1999). 
Micro-HOPE. Micro-HOPE was a prespecified substudy of the 3,577 diabetic pa- 
tients of the HOPE study. In Micro-HOPE, diabetic patients had to have mi- 
croalbuminuria. At baseline, 31% in the ramipril group and 33% in the placebo 
group had microalbuminuria. Development of macroalbuminuria (which is re- 
garded as a reliable marker of clinical overt nephropathy) was the prespecified 
main outcome in Micro-HOPE. The effects of 10 mg ramipril per day were com- 
pared to those of placebo. Macroalbuminuria (>300 mg/24 h urinary albumin, 
>500 mg/24 h urinary protein, or >36 mg/mmol albumin/creatinine ratio in the 
absence of 24-h urine) developed in 6.5% of all diabetic patients with ramipril 
and 8.4% with placebo, and thus was significantly reduced by 24% in the diabet- 
ic subgroup (p=0.0027) of HOPE. A total of 225 (20%) participants with mi- 
croalbuminuria and 41 (2%) without microalbuminuria developed macroalbu- 
minuria (RR, 14.0; p<0.0001). New macroalbuminuria was reduced by 24% with 
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ramipril in the total population of HOPE as well. HOPE and Micro-HOPE are 
the world’s largest long-term observations of nonalbuminuric and microalbu- 
minuric patients (Heart Outcomes Prevention Evaluation Study Investigators 

2000 ). 

IRMA II. In the IRMA II study, 590 hypertensive patients with type 2 diabetes 
were randomized to 150 mg daily irbesartan, 300 mg daily irbesartan, or place- 
bo. The primary outcome was the time to onset of diabetic nephropathy, defined 
by persistent albuminuria in overnight specimens, with a urinary albumin ex- 
cretion rate that was greater than 200 pg per minute and at least 30% higher 
than the base-line level. The primary end point was reached by 5.2%, 9.7%, and 
14.7% of the 300 mg, 150 mg, and placebo group, respectively (Parving et al. 

2001 ). 

MARVAL The MARVAL study was designed to evaluate the BP-independent ef- 
fect of valsartan on the urinary albumin excretion rate (UAER) in type 2 diabet- 
ic patients with microalbuminuria. A total of 332 patients, with or without hy- 
pertension, were randomly assigned to 80 mg/d valsartan or 5 mg/d amlodipine 
for 24 weeks. A BP of 135/85 mmHg was targeted by means of dose doubling 
followed by addition of bendrofluazide and doxazosin whenever needed. The 
primary end point was the percent change in UAER from baseline to 24 weeks. 
The UAER at 24 weeks was 56% of baseline with valsartan and 92% of baseline 
with amlodipine, an effect that was highly significant between the groups. Val- 
sartan lowered UAER similarly in both the hypertensive and normotensive sub- 
groups. More patients reversed to normoalbuminuria with valsartan than with 
amlodipine (29.9% vs 14.5%; p=0.001). It was concluded that for the same level 
of attained BP and the same degree of BP reduction, valsartan lowered UAER 
more effectively than amlodipine in patients with type 2 diabetes and microal- 
buminuria, including the subgroup with baseline normotension. This indicates 
a BP-independent antiproteinuric effect of valsartan (Viberti and Wheeldon 

2002 ). 

Comparison of Losartan and Enalapril. Losartan and enalapril were compared 
with regard to changes in UAE in a small pilot study in 103 hypertensive type 2 
diabetics with early nephropathy. The study was a one-year prospective, double- 
blind trial. Other antihypertensive drugs to achieve target blood pressure were 
given in 59.6% of the losartan group and 51% of the enalapril group. Both losar- 
tan and enalapril administered alone or in combination with other agents in- 
duced similar decreases in UAE: with losartan from 64.1 to 41.5 pg/min and with 
enalapril from 73.9 to 33.5 pg/min. Furthermore, a similar stabilization of the 
decline in glomerular filtration rate (GFR) was observed (Lacourciere et al. 
2000 ). 
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2.6.4 

Progression from Normalbuminuria to Microalbuminuria 

The large-scale DCCT trial was performed in 1,441 patients with IDDM. This 
study successfully showed that prevention of progression of diabetic nephropa- 
thy, retinopathy, and neuropathy is possible with intensified insulin therapy in 
type 1 diabetic patients (The Diabetes Control and Complications Trial Research 
Group 1993). Furthermore, there was considerable hope that effects can be mag- 
nified further with substances inhibiting the renin-angiotensin system. 

EUCLID. In the EUCLID study (see also “EUCLID’’ in Sect. 2.6.3), 530 normo- 
tensive patients with IDDM, of whom 440 were normalbuminuric, were ran- 
domized to lisinopril or placebo. Patients were not on medication for hyperten- 
sion. The rate of change in AER was the primary end point of the study. In the 
overall population, albumin excretion rate after 2 years was 2.2 pg/min lower 
(RRR, 18.8%) in the lisinopril group compared to placebo in an ITT analysis. 
For patients who completed 24 months of treatment, the final treatment differ- 
ence in AER was 0.23 pg/min in those with normoalbuminuria at baseline 
(Wright et al. 2002b). 

Ravid et al. The Ravid et al. study was a randomized, double-blind, placebo- 
controlled trial with 6-year follow-up in 156 normo tensive, normoalbuminuric 
patients with type 2 diabetes. The aim was to evaluate the effect of prolonged 
ACE inhibition on renal function and albuminuria in normotensive, normalbu- 
minuric patients in whom type 2 diabetes was diagnosed after 40 years of age 
who had a baseline mean blood pressure less than 107 mmHg and albuminuria 
(albumin excretion <30 mg/24 h). Patients were randomized to 10 mg/d enala- 
pril or placebo. Initially, enalapril decreased albumin excretion from a mean 
11.6 mg/24 h to 9.7 mg/24 h at 2 years; thereafter, a gradual increase to 15.8 mg/ 
24 h at 6 years occurred. With placebo, albumin excretion increased from 
10.8 mg/24 h to 26.5 mg/24 h at 6 years. Transition to microalbuminuria 
occurred in 6.5% patients with enalapril and 19% with placebo. After 6 years, 
creatinine clearance decreased with enalapril by 0.025 ml/s per year and by 0.04 
ml/s per year with placebo (p=0.040). It was concluded that enalapril attenuated 
the decline in renal function and reduced the extent of albuminuria in normo- 
tensive, normoalbuminuric patients with type 2 diabetes. (Ravid et al. 1998). 
ABCD-2V. The ongoing ABCD-2V study is an extension of the ABCD trial (see 
“ABCD” in Sect. 2.1.7) in 772 hypertensive or normotensive patients with type 2 
diabetes to evaluate the effects of moderate vs intensive PB control. Patients are 
randomized to valsartan or placebo with add-on hydrochlorothiazide and meto- 
prolol as needed. The primary objective is nephropathy; the secondary objective 
is the effects on cardiovascular, retinal, and neurological complications after 5 
years of follow-up are expected soon. 
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2.6.5 

Conclusions, Open Questions, Hypotheses 

Nephropathy is an increasing burden for society, especially in patients with type 
2 diabetes. The effects of diet, glucose control, and, most importantly, blood 
pressure lowering, are well established. In addition, blood pressure-independent 
effects were postulated for substances blocking the renin-angiotensin system. 

ACE inhibitors have been thoroughly investigated with respect to different 
outcomes: 

- ACE inhibitors have improved outcomes, which included ESRF in patients 
with type 1 diabetic nephropathy and in nondiabetic nephropathy. 

- ACE inhibitors reduce decline in renal function. 

- ACE inhibitors prevent progression from micro- to macroalbuminuria. 

- ACE inhibitors prevent progression from normo- to microalbuminuria. 

- An ACE inhibitor was better than amlodipine and metoprolol in Afro- 
Americans. 

These effects of ACE inhibitors occur independently from blood pressure 
lowering. Furthermore, in a meta-analysis also including other smaller studies, 
these effects of ACE inhibitors were confirmed (Giatras et al. 1997). 

ACE inhibitors, however, have not been well investigated in patients with type 
2 diabetes, which has opened a window of opportunity for A2As. With A2As, 
the following evidence is established: 

- A2As have improved composite end points, which included ESRF in pa- 
tients with type 2 diabetic nephropathy. 

- A2As prevent progression from micro- to macroalbuminuria. 

- A2As prevent progression from normo- to microalbuminuria. 

With ACE inhibitors and A2As, all these outcomes occur to a great extent in- 
dependently from blood pressure lowering. 

Still, an important question remains: are ACE inhibitors more effective than 
A2As in treating nephroprotection? In ACE Inhibitor I, REIN, and AIPRI, the 
reduction in end points is mostly 50%, in RENAAL and IDNT only 20%. Is this 
a true difference or an artifact? Only in a direct head-to-head comparison study 
could this question be answered. 

Even more important is the question whether combination treatment of A2As 
with ACE inhibitors is superior to either treatment alone. The outcome of a re- 
cently published, relatively small Japanese trial, the COOPERATE study, points 
toward a benefit of combination treatment. 
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2.7 

Other Potential Indications 

There are many more ideas with respect to new indications for ACE inhibitors 
and A2As such as: 

- Prevention of type 2 diabetes (DREAM, NAVIGATOR) 

- Prevention of microvascular diabetic complications (DIRECT) 

- Prevention of restenosis following stent implantation (ValPREST) 

- Protection following revascularization (APRES) 



2.7.1 

Prevention of Type 2 Diabetes 

Prevention of type 2 diabetes has come into the focus of recent clinical research. 
It has been shown that different types of intervention can successfully suppress 
new diabetes, including diet and exercise (Tuomilehto et al. 2001; Pan et al. 
1977; Diabetes Prevention Program Research Group 2002), acarbose (The STOP- 
NIDDM Trial Research Group 1998; Chiasson et al. 2002), orlistat (Keating and 
Jarvis 2001), metformin (Diabetes Prevention Program Research Group 2002), 
troglitazone (Buchanan et al. 2002), statins (Freeman et al. 2001). 

In addition, substances affecting the renin-angiotensin system showed simi- 
lar effects in post-hoc analysis of major trials such as: 

- The HOPE study, in which ramipril reduced the new onset of type 2 diabe- 
tes by 34%. 

- The LIFE study, in which losartan reduced the new onset of type 2 diabetes 
by 25% (Lindholm et al. 2002a). 

These post-hoc data yielded good reasons to proceed with two major 
prospective large-scale trials. 

DREAM. The post-hoc finding in the HOPE study that ramipril treatment was 
associated with a significant 34% reduction in new diagnoses of diabetes is now 
being prospectively evaluated in the large-scale DREAM study. A total of 4,000 
patients with impaired glucose tolerance (IGT) will be randomized, requiring 
an enormous screening effort. The Diabetes Reduction Assessment with rami- 
pril and rosiglitazone (DREAM) is a trial with a 2x2 factorial design with four 
treatment groups: ramipril (up to 15 mg/day), rosiglitazone (8 mg/day), rami- 
pril/rosiglitazone combination, and placebo. The primary composite end point 
is the occurrence of new type 2 DM or death. Participants will be followed up 
for at least 3 years after randomization (Gerstein 2002). 

NAVIGATOR. NAVIGATOR is a randomized, double-blind, placebo-controlled 
trial with a 2x2 factorial design in 7,500 patients with impaired glucose toler- 
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ance (IGT) at high risk for cardiovascular events. Study participants will receive 
valsartan, nateglinide, both valsartan and nateglinide, or placebo. There are two 
primary end points: delay or prevention of progression to diabetes (as assessed 
3 years after enrollment of the last patient) and, in an extension phase, preven- 
tion of cardiovascular morbidity and mortality (which will be assessed after 
1,200 events approximately 5-6 years after enrollment). 



2.7.2 

Prevention of Microvascular Diabetic Complications 

EUCLID. In the EUCLID study (see also “EUCLID” in Sects. 2.6.3 and 2.6.4), 530 
normo tensive patients with IDDM and normoalbuminuria (n=440), microalbu- 
minuria (n=79), or macroalbuminuria (n=6) were randomized to lisinopril or 
placebo. After 24 months, retinopathy had progressed by at least one level in 
13.2% of 159 patients on lisinopril and 23.4% of 166 patients on placebo. How- 
ever, patients on lisinopril had a significantly lower HbAlc at baseline than 
those on placebo (6.9% vs 7.3%; p=0.05). This means that the findings on reti- 
nopathy need to be confirmed in a larger trial (Chaturvedi et al. 1998). 

DIRECT. Diabetic retinopathy is, indeed, investigated in a large-scale ongoing 
clinical trial. In the placebo-controlled DIRECT study, 4,500 patients with type 2 
diabetes are being investigated with candesartan titrated up to 32 mg candesar- 
tan. The primary end point is the occurrence of diabetic retinopathy. 



2.7.3 

Prevention of Restenosis Following PCI 

ValPREST. The open-label, placebo-controlled ValPREST study was conducted 
in 250 patients to evaluate the effects of 6-month administration of valsartan on 
restenosis rate after stenting of type B2/C lesions (Peters et al. 2001). In-stent 
restenosis rates (ISR) calculated based on quantitative coronary angiography 
(QCA) and the need for reintervention as primary and secondary end points 
were analyzed after a repeat angiogram at 6 months in 99 patients with 80 mg 
valsartan and 101 patients with placebo. The ISR was 19.2% (m= 19/99) with val- 
sartan and 38.6% (t7=39/101) with placebo (p<0.005). The reintervention rate 
was 28.7% (n=29/101) in the placebo group and 12.1% (n=l2) in the valsartan 
group (p<0.005). These results need to be confirmed in a larger double-blind 
trial with clinical outcome as the primary end point. Previously, several at- 
tempts with ACE inhibitors in, for example, the MERCATOR, MARCATOR, and 
PARIS studies (MERCATOR Study Group 1992; Berger et al. 1996; Meurice et al. 
2001), had failed to show efficacy. It must be emphasized that, in the past, many 
attempts to inhibit restenosis after angioplasty or stenting had yielded negative 
results with other drugs as well (Paranandi and Topol 1994). In future, it is 
unlikely that drugs affecting the renin-angiotensin system will demonstrate 
stronger effects than those arising from new therapies such as brachytherapy 
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(Seabra-Gomes 2002) or stents coated with rapamycin (Morice et al. 2002) or 
paclitaxel (Liistro et al. 2002). 



2.7.4 

Cardiovascular Prognosis After Revascularization 

APRES. The double-blind APRES study was an interesting pilot study (Kjoller- 
Hansen et al. 2000). APRES was conducted in 159 asymptomatic patients with 
moderate left ventricular dysfunction who underwent revascularization with 
coronary artery bypass graft (CABG) (n=130) or PTCA (n=29). Patients were 
randomized 6 days after revascularization to ramipril or placebo; they were fol- 
lowed up for 33 months. The primary composite end point (cardiac death, AMI, 
development of clinical heart failure, or recurrent angina pectoris) was not sig- 
nificantly altered (36 vs 41 events), because of the event rates for angina pectoris 
(34 vs 30 events). The triple composite end point (without angina pectoris) was 
significantly lower with ramipril (8 events) vs placebo (18 events). Patients in 
the APRES study reflect a high-risk population such as those in the HOPE study. 
Whether additional protection is needed in patients following bypass surgery 
remains an open question. 

3 

Summary 

This overview is simply a snapshot of the current situation, which is likely to 
change in the light of the many ongoing large-scale trials. 

In daily therapeutic use, ACE inhibitors cover a broad spectrum of clinical 
indications. They have been introduced for: 

- Hypertension 

Thereafter, they have provided the breakthrough for several indications and 
may be regarded as: 

- First-line treatment of congestive heart failure to which other drugs are 
added 

- After fibrinolysis or PCI, first-line treatment in acute myocardial infarction 

- First-line treatment of patients with a high cardiovascular risk 

- First-line treatment of patients with nondiabetic and type 1 diabetic neph- 
ropathy 

- Secondary prevention of stroke 

This broad spectrum of indications does not apply in the case of A2As. How- 
ever, patients on A2As demonstrate fewer side effects, especially cough. Un- 
doubtedly, A2As are suitable as: 
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- First-line treatment for patients with type 2 diabetic nephropathy 

- Treatment of CHF in patients who do not tolerate ACE inhibitors 

- Add-on treatment of CHF in addition to ACE inhibitors 

There is no indication so far for which evidence of superiority of A2As over 
ACE inhibitors has been provided. Evidence is also accumulating which demon- 
strates that both drug classes are superior to other antihypertensives in patients 
with diabetes, an increasing burden to mankind. Furthermore potential for pre- 
vention of new type 2 diabetes is on the horizon. 
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